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Stem cell regulators drive a G1 duration 
gradient during plant root development
 

Clara Echevarría1,8, Bénédicte Desvoyes    1,8  , Marco Marconi    2, 
José Manuel Franco-Zorrilla    3, Laura Lee    4, Masaaki Umeda    5, 
Robert Sablowski    6, Kenneth D. Birnbaum    4, Krzysztof Wabnik    2,7   & 
Crisanto Gutierrez    1 

Organogenesis relies on the coordination of cell proliferation with 
developmental programs. In meristems, where new plant organs initiate, 
the cell proliferation potential depends on stem cell regulators, but the 
mechanisms linking their local activity with the cell cycle machinery 
remain unknown. Here we show a positional gradient of G1 duration in 
the Arabidopsis root meristem spanning from ~2 h near the meristem 
boundary to more than 20 h in the early stem cell derivatives. Mutations 
in the stem cell regulatory PLETHORA (PLT) genes and the cell cycle 
RETINOBLASTOMA-RELATED 1 gene shortened G1 duration, abolishing the 
G1 duration gradient, whereas PLT2 overexpression increased G1 duration. 
Data-driven computer modelling supported the presence of an incoherent 
feed-forward loop. We found that PLT genes are drivers with simultaneous 
and opposing roles in maintaining stem cell activity and inhibiting G1 
progression through a cascade involving the CDK inhibitor KRP5, a PLT 
target and RETINOBLASTOMA-RELATED 1. The G1 duration gradient is 
developmentally regulated and established after the emergence of lateral 
roots from the primary root and correlates with increased tolerance to 
genome damage. Our study establishes a previously undescribed proximal–
distal G1 duration gradient during root development that is shaped by the 
balanced activity of stem cell maintenance and cell cycle regulators.

Organogenesis requires the production of new cells together with the 
establishment of different organ domains and cell types directed by pat-
terning genes. A fundamental challenge in cellular and developmental 
biology is to understand the coordination between cell patterning cues 
and cell division mechanisms. In animals, the cell cycle phase in which 
inductive cues are received can dictate the choice of cell fate and the 
switch to pluripotency1. In plants, cell patterning decisions are integrated 
with cell division2–4. However, the pathways linking cell cycle progression 

to spatial–temporal dynamics of upstream developmental cues are not 
well understood. In fact, the molecular basis of cell cycle phase progres-
sion in a developmental context is largely unknown. This lack of knowl-
edge stems from the difficulties in measuring cell cycle phase parameters 
at single-cell resolution in a developing organ, in particular G1, despite 
being a potential control point for cell fate specification5.

To address this question, we focused on the root apical meri
stem (RAM) of Arabidopsis thaliana (Extended Data Fig. 1), since it is 
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(Extended Data Fig. 3a) and found small differences between the epi-
dermal (trichoblasts) (~4.5 h) and cortex and endodermal (~3.5 h) cell 
layers (Extended Data Fig. 3b). We also measured the G2 duration 
of individual cells along the RAM by recording positional informa-
tion on EdU-labelled mitosis (Extended Data Fig. 4a). We noticed that 
EdU-labelled mitosis tended to appear earlier in the distal half of the 
RAM (~40% the total distance between the QC and the RAM bound-
ary), indicating a slightly faster G2 in the distal half of the RAM than 
in the proximal half (Extended Data Fig. 4b), consistent with previous 
results obtained for the epidermis16. We used time-lapse live imaging 
to measure in individual cells the accumulation/degradation kinetics 
of CYCB1;1, a marker of cells from mid-G2 to late metaphase. Although 
the extent of detectable CYCB1;1 varied, this was not related to the 
relative position along the RAM (Extended Data Fig. 4c,d). We there-
fore concluded that the small variations in G2 progression rate do 
not compensate for the large variation in G1 duration along the RAM.

We next aimed to identify the regulatory network underlying 
the G1 duration gradient. To this end, we analysed transcriptomic 
datasets of root cell types17 searching for genes displaying a variable 
expression pattern along the RAM that could show a relationship 
with the G1 gradient. An unbiased clustering of the 1,472-gene sub-
set with a variable expression, using a weighted correlation network 
analysis18, led us to identify highly correlated gene expression patterns 
(Supplementary Table 1). The seven different patterns (M1 through M7) 
could be classified into three groups, corresponding to genes with high 
expression only in the RAM (type A), in the middle of the root (type B) or 
up in the differentiated zone of the root (type C; Extended Data Fig. 5a 
and Supplementary Table 1).

To identify putative transcriptional regulators that could con-
tribute to the different expression profiles, we searched for enriched 
transcription factor (TF) binding sites in the promoters of genes in each 
module (Fig. 2a). Focusing on the M1 module, which contained genes 
highly expressed in the distal half of the RAM with a profile similar to the 
G1 duration gradient, we identified a high score enrichment for binding 
sites of APETALA2–AINTEGUMENTA (AP2–ANT), bHLH and SQUAMOSA 
PROTEIN BINDING TF family members. The AP2–ANT family caught our 
attention since it contains the AINTEGUMENTA-like (AIL)/PLETHORA 
(PLT) TFs with consensus binding sites kgCACGrwtyyCgAGrmrr and 
gCaCGrwTyyCgAkr, respectively (nucleotide codes: K, G/T; R, A/G; W, 
A/T; Y, C/T; M, A/C) for PLT1 and AIL6 (ref. 19) (Extended Data Fig. 5b). 
These are well-known patterning genes with a graded expression in the 
RAM that control stem cell activity, confer cell proliferation potential 
and establish the longitudinal zonation in the RAM20–22. PLT proteins 
therefore fit with the features required to behave as a molecular driver 
of G1 length.

Single mutants of the four PLT genes do not exhibit a strong dif-
ference in root phenotype, but plt1-4,plt2-2 and plt1-4,plt2-2,plt3-1 
possess highly reduced root meristems with early root growth arrest, 
while higher-order mutants exhibit rootless phenotypes20,22. We thus 
expressed the PlaCCI markers in the plt1-4,plt2-2 double mutant back-
ground (Fig. 2b and Supplementary Video 3). RAM size was highly 
reduced in the plt1-4,plt2-2 double mutant, as reported20–22. In addition, 
quantification of G1 duration by live imaging showed that the gradient 
observed in the wild type (Fig. 2e) was fully abolished in the plt1-4,plt2-2 
double mutant (Fig. 2f and Extended Data Fig. 6). This further supports 
the idea that PLT and RBR1 proteins are necessary to establish the G1 
gradient in the root meristem. To determine whether PLT proteins are 
also sufficient to restrict G1 progression in the RAM, we used plants 
constitutively expressing a GR-inducible version of PLT2 (ref. 23) in 
a PlaCCI marker background (Fig. 2c,d and Supplementary Video 4). 
Quantification of G1 duration clearly showed that cells developed much 
longer G1 after PLT2 induction than the wild type, in particular in the 
proximal half of the RAM (Fig. 2g). In fact, cells in the RAM hardly com-
pleted a G1 phase during the course of the experiment. PLT2 is therefore 
necessary and sufficient to modulate the G1 duration gradient.

amenable for live imaging and it possesses a stereotyped anatomy, 
allowing us to visually track cell lineages from the stem cell up to the dif-
ferentiated state. The PlaCCI Arabidopsis line6 is an ideal tool to directly 
measure G1 duration since the CDT1a–CFP marker starts to accumulate 
soon after mitosis and is rapidly degraded at the G1/S transition.

The analysis of time-lapse images acquired over 20 h (Fig. 1a,b 
and Supplementary Video 1) revealed that the amount of CDT1a–
CFP-labelled nuclei (G1 cells) correlated inversely with the distance 
from the stem cell niche. G1 duration thus followed a gradient in all 
tissues analysed (trichoblasts, atrichoblasts, cortex and endodermis) 
that changed from ~2–4 h in cells near the RAM boundary (the proximal 
region of the RAM) up to ≥20 h in the more distal half of the RAM, close 
to the stem cell niche (Fig. 1c).

It is generally assumed that cell cycle duration is constant in the 
transit amplifying compartment that constitutes most of the RAM7–9. 
However, some recent reports suggest a gradient of cell cycle duration 
from the stem cells towards the RAM boundary10,11. Our results show 
that the G1 duration was generally longer in most cells in the distal half 
of the RAM than the average cell cycle values reported, considering a 
constant cell cycle along the RAM (~20.8 ± 2.5 h)12.

In one of the few attempts to measure cell cycle phase duration 
along the meristem, early studies with irradiated root cells found a 
long G1 duration in cells around the quiescent centre (QC)13. However, 
the PlaCCI marker line revealed that G1 duration is organized in a proxi-
mal–distal graded pattern (Fig. 1c). Thus, not only the stem cells but 
also their early derivatives (up to ~1/3 of the RAM) develop considerably 
longer G1 phases than rapidly cycling cells in the more shootward half 
of the RAM. Furthermore, since the proximal–distal axis of the RAM 
correlates with the developmental trajectory of root cells, our results 
reveal that G1 duration is regulated along the RAM.

To check whether the long G1 duration is due to delayed CDT1a 
loading, we determined the time between anaphase and the first detect-
able CDT1a signal along the RAM (Fig. 1d). The differences were rela-
tively small compared with the total G1 length and thus insufficient 
to explain the G1 duration gradient along the longitudinal RAM axis 
(Fig. 1e). Also, although variability exists in CDT1a accumulation, it does 
not correlate with a proximal–distal gradient (Fig. 1e). We therefore 
concluded that the G1 phase duration of stem cells and their deriva-
tives within the proliferation domain of the RAM is dictated by a slow 
G1 progression and not merely by the CDT1a accumulation kinetics.

G1 progression is primarily restricted by the RETINOBLASTOMA- 
RELATED 1 (RBR1) protein3. To determine whether the G1 duration gra-
dient in the RAM is dependent on RBR1, we followed G1 progression by 
live imaging in RAM cells in RBR1 loss-of-function mutant plants, using 
a viable line (rRBr) in which RBR1 is silenced by RNA interference (RNAi) 
specifically in RAM cells14. Unlike wild-type meristems, where CDT1a–
CFP-positive cells accumulate in the distal part of the RAM (Fig. 1a), 
the rRBr meristems showed significantly fewer CDT1a–CFP-positive 
cells, indicating a more rapid G1 progression than the wild type in the 
distal meristem6 (Fig. 1f, left, and Supplementary Video 2). Time-lapse 
experiments showed that 89.5% of cells in the whole RAM progress 
through G1 in less than ~5 h in the absence of RBR1, and consequently 
the proximal–distal G1 duration gradient observed in the wild type is 
fully abolished (Fig. 1f, right, and Extended Data Fig. 2). We thus con-
cluded that RBR1 directly establishes the G1 duration gradient along 
the proximal–distal root axis, primarily by restricting G1 progression 
more efficiently towards the distal half of the RAM.

We also sought to determine whether other phases of the cell cycle 
offset the G1 gradient to keep the entire cell cycle duration constant. 
One possibility is that delayed or prolonged G2 progression along the 
meristem counterbalances the shortening of G1 duration. We measured 
the average G2 duration by quantifying the appearance of labelled 
mitotic figures in a pulse–chase experiment, in which S-phase cells 
were labelled with the thymidine analog 5-ethynyl-2′-deoxyuridine 
(EdU) and then chased for increasing periods of time with thymidine15 
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Our mutant analysis showed that while PLT2 stimulates cell pro-
liferation potential and meristem maintenance, it also inhibits G1 
progression, presumably by impinging on the RBR1 pathway20,21. We 
thus hypothesized that this dual relationship between PLT2 and cell 
cycle progression can be captured by an incoherent feed-forward 
loop (IFFL)24. This would entail a common driver that regulates two 

branches with simultaneous and opposing effects on the output, one 
conferring cell proliferation potential and another promoting an inhi-
bition of cell cycle progression in G1 (Fig. 2h). To test whether this 
IFFL model could explain the G1 duration gradient, we constructed a 
data-driven computer model based on a previously introduced Arabi-
dopsis root meristem framework25 by integrating the IFFL mechanism 
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Fig. 1 | Root stem cells and early derivatives develop long G1 under control of 
the RBR1 pathway. a, Top: a root tip of the three-colour cell cycle marker line 
PlaCCI showing nuclei in G1 (cyan), S + early G2 (red) and late G2 + M (yellow). The 
image includes the RAM at the tip, followed by the elongation zone in the upper 
part of the root. Bottom: enlarged view of the white square in the top image, 
focusing on the QC, the stem cell niche and the surrounding early derivatives. 
The epidermal (epi) layer, which contains atrichoblasts and trichoblasts that will 
give rise to non-hair and hair cells, respectively, in the differentiated part of the 
root; cortical (cor) layer; and endodermal (endo) layer are indicated. The position 
of the QC is set as 0.0 and the RAM boundary as 1.0 in this and subsequent 
figures. This is a representative image of more than ten different roots imaged. 
Scale bars, 20 µm. WT, wild type. b, Live-imaging example showing an epidermal 
cell (trichoblast), located at position 0.76 of the RAM, in metaphase (0 min). 
After division, the two daughter cells load CDT1a (cyan). Since CDT1a is rapidly 
degraded at the G1/S transition (vertical white arrows), it is a proxy of G1 duration. 
Scale bar, 10 µm. c, G1 duration in four root cell types (atrichoblasts, trichoblasts, 

cortex and endodermis), as indicated, along the RAM. The position of the  
QC is set as 0.0 and the RAM boundary as 1.0. The data points correspond to 
the G1 duration of individual cells quantified from different recorded videos 
(up to 20 h long using confocal microscopy). The numbers of cells recorded 
were 37, 46, 68 and 76 for atrichoblasts, trichoblasts, cortex and endodermis, 
respectively, taken from five roots. d, Live imaging of cells showing the period 
from metaphase/anaphase until the initiation of CDT1a loading. Examples of a 
short (top) and a long (bottom) period of CDT1a loading initiation (black lines) 
are shown. Scale bars, 10 µm. e, Quantification of CDT1a loading time (between 
metaphase/anaphase and the first detectable CDT1a signal) along the RAM in 
four cell types, as indicated. Total n = 128 cells from four roots. f, Left: root tip 
of the rbr1 loss-of-function mutant (rRBr) expressing the PlaCCI markers. Scale 
bar, 20 µm. Right: G1 duration in four root cell types (atrichoblasts, trichoblasts, 
cortex and endodermis; n = 62, 44, 94 and 95, respectively, taken from nine 
roots), as indicated by the colour code, along the RAM in the rRBr mutant.  
The shaded shape covers all data points of G1 < 20 h shown in c.
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with experimental data on the spatial distribution of regulators and cell 
cycle characteristics (Supplementary Table 2 and Extended Data Fig. 7). 
Spatial–temporal model simulations predicted the pattern of cell cycle 
duration along the RAM axis (Fig. 2i) and quantitatively matched the 
experimental observations of a proximal–distal gradient of G1 duration 

in the wild type (Fig. 2j). Removing the driver from the IFFL abolished 
the G1 gradient (Fig. 2k), while expressing it constitutively in the model 
increased G1 duration along the RAM (Fig. 2l), mimicking the effects 
of loss and gain of PLT function. The model therefore showed that a 
PLT-initiated IFFL circuit is a plausible fold-change detector of PLT 

h
Regulator

Driver Regulator Cell cycle time

0

2 2 50

Exp. data
Simulation

 P = 0.049 

i

0

5

10

15

>20

G
1 d

ur
at

io
n 

(h
)

G
1 d

ur
at

io
n 

(h
)

G
1 d

ur
at

io
n 

(h
)

j k l

a

f ge

b c

plt1-4,plt2-2

35S::PLT2-GR

plt1-4,plt2-2

WT

WT

plt1-4,
plt2-2

0 0.5 1.00 0.5 1.0

G
1 d

ur
at

io
n 

(h
)

G
1 d

ur
at

io
n 

(h
)

0

5

10

15

>20

0

5

10

15

>20

0

5

10

15

>20

0

5

10

15

>20

0

5

10

15

>20

G
1 d

ur
at

io
n 

(h
)

Atrichoblasts Trichoblasts Cortex Endodermis

Relative position in the RAMRelative position in the RAM

Relative position in the RAM Relative position in the RAMRelative position in the RAM

 P = 0.047

Exp. data
Simulation

Exp. data
Simulation

35::PLT2-GR

35S::
PLT2-GR

0 h

d
35S::
PLT2-GR

12 h Dex

0 0.5 1.0

0 0.5 1.00 0.5 1.0 0 0.5 1.0

Relative position in the RAM

P = 0.059

Driver Cell
proliferation 

IFFL

(nM µm–2) (nM µm–2) (h)

AP2–ANT

B3 ARF

bHLH

C2H2 Score
4
2
0
–2
–4

HD-Zip

LOB
MADF
Myb related

Myb R2R3
NAC

SBP

TCP

M
1

M
2

M
3

M
4

M
5

M
6

M
7

WRKY

Dof
E2F
FAR1
GATA
ZfHD

AP2–ERF

AP2–DREB

Fig. 2 | Spatial–temporal computer model of root cell proliferation for 
developmental control of G1. a, Heat map showing enrichment of TF binding 
sites in rows, in the gene sets from each module (M1–M7, columns as defined in 
Extended Data Fig. 6). TF binding sites were mapped in 1-kb regions upstream  
of the transcription start sites as described in Methods, and fold enrichment  
on a log2 scale was calculated by mapping the same sites in the complete 
Arabidopsis promoter set. b, Root tip of a plt1-4,plt2-2 double mutant in the 
PlaCCI marker line showing the reduced size of the RAM. Scale bar, 20 µm.  
c,d, Two representative frames of a video of the 35S::PLT2-GR line with the PlaCCI 
markers at 0 h (c) and 12 h (d) after treatment with Dex. Scale bar, 20 µm.  
e, Summary of G1 duration values in the wild type (taken from Fig. 1c and included 
here to facilitate comparison with the other genotypes). The shaded shape 
includes data of G1 < 20 h measured in the wild type. f, G1 duration in four root 
cell types (atrichoblasts, trichoblasts, cortex and endodermis; n = 36, 26, 81 
and 64, respectively, from two roots), as indicated by the colour code, along 
the RAM in the plt1-4,plt2-2 double mutant. The shaded shape is the same as in 
e. g, G1 duration in four root cell types (atrichoblasts, trichoblasts, cortex and 
endodermis; n = 24, 19, 29 and 8, respectively, from four roots), as indicated by 
the colour code, along the RAM in the 35S::PLT2-GR line. The shaded shape is the 
same as in e and f. h, The IFFL mechanism underlying the model. The diagram 
shows the main elements taking part in the model and their connections. A high 

concentration of the driver in the root tip confers cell proliferation activity. 
In turn, the driver promotes the expression of the cell division regulator. Cell 
cycle phase length is inversely proportional to regulator amounts inside the 
cell. Thus, in the IFFL system the driver exerts a dual action stimulating cell 
proliferation and at the same time delaying cell cycle progression. i, Left: model 
simulation showing driver concentrations in the wild type. High concentrations 
of a growth regulator in the root tip induce the expression of the driver, which 
is allowed to diffuse along the meristem. Middle: model simulation showing 
regulator concentrations in the wild type. High driver concentrations in the root 
tip induce the expression of the regulator. Right: model simulation showing cell 
cycle time along the root as a result of regulator accumulation. j–l, Comparison 
between model simulation (light blue dots) and experimental data (red dots) in 
the wild type (j), the mutant with a reduction of driver expression (plt1-4,plt2-2 
for experimental data; k) and the mutant with a constitutive driver expression 
(35S::PLT2-GR line for experimental data; l). Each dot represents the value 
relative to a single cell. The P value indicates the probability of obtaining a similar 
data fit from randomized simulations based on Hausdorff distance51 and the 
random sampling method. P < 0.05 indicates significant quantitative similarity 
between model predictions and experimental data (see the test description in 
‘Computational model description’ in Methods).
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levels26 and provides a mechanism for generating the robust G1 gradi-
ent along the meristem.

To reveal the molecular link between PLT2 and G1 progression, 
we searched available chromatin immunoprecipitation sequencing 
(ChIP-seq) data and found the CDK inhibitor KRP5/ICK3 as a direct 
PLT2 target23. We confirmed that the expression pattern of KRP5–GFP 

shows a gradient with high levels close to the QC that progressively 
decreased along the RAM (Fig. 3a), less apparent in the atrichoblast 
cell file. This mimics the PLT gradient21 and closely matches the expres-
sion pattern of the negative G1 regulator predicted in the in silico IFFL 
model (Extended Data Fig. 8a). The dependence of KRP5 expression 
on PLT2 was further demonstrated by quantifying KRP5–GFP levels in 
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KRP5 promoter in the wild type, 35S::PLT2-GR after 22 h of Dex treatment and 
plt1,plt2. Scale bars, 20 µm. Right: quantification of the KRP5–GFP signal along 
the RAM (control WT, n = 472 cells, four roots; 35S::PLT2-GR, n = 818 cells, four 
roots; plt1,plt2, n = 183 cells, five roots) along the RAM (0 is the QC; 1.0 is the RAM 
boundary). b, Left: root tip of a krp5-1 mutant expressing the PlaCCI markers. 
Scale bar, 20 µm. Right: G1 duration in four root cell types (atrichoblasts, 
trichoblasts, cortex and endodermis; n = 78, 73, 68 and 59, respectively, from six 
roots), as indicated, along the RAM. The shaded shape is taken from Fig. 1f and is 
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+Dex 1 h) biological replicates, and the individual points indicate the mean of 
three technical replicates for each biological replicate. Statistically significant 
differences were determined by a two-way analysis of variance followed by two-
sided Tukey’s multiple comparison tests: **P < 0.01; ***P < 0.001; ****P < 0.0001. 
Note that the other statistically non-significant comparisons (P > 0.05) have 

been omitted for simplicity. d, Left: root tip of a krp1,2,3,4,5,7 mutant expressing 
the PlaCCI markers. Scale bar, 20 µm. Right: G1 duration in four root cell types 
(atrichoblasts, trichoblasts, cortex and endodermis; n = 51, 45, 69 and 99, 
respectively, from two roots), as indicated, along the RAM. The shaded shape is 
taken from Fig. 1f and is included here to facilitate comparison with the values 
of G1 duration in the wild type. e, Basic components of the IFFL identified in this 
study that controls the developmental regulation of G1 duration in the RAM. 
PLT proteins that show a proximal–distal gradient in the RAM play opposing 
functions: they confer cell proliferation potential and also activate expression 
of the CDK inhibitor KRP5, which in turn restricts RBR1 phosphorylation and 
prolongs the G1 phase. f, Stimulation of cell division by PLT2 is restricted by KRP5. 
The 35S::PLT2-GR construct was expressed with and without Dex in the wild-type 
and krp5-1 mutant backgrounds, as indicated. Left: details of the epidermal 
layer in the different experimental conditions. Scale bars, 20 µm. Right: 
quantification of the amount of cortical cell divisions in the RAM before and 
after 3 h of Dex treatment. The bars represent mean ± s.d., and the data points 
correspond to individual roots of the following biological replicates: 35S::PLT2-
GR −Dex (n = 9), 35S::PLT2-GR +Dex (n = 8), 35S::PLT2-GR,krp5-1 −Dex (n = 9) and 
35S::PLT2-GR,krp5-1 +Dex (n = 10). Statistical significance between genotypes 
was determined using one-way analysis of variance followed by Tukey’s multiple 
comparison tests (two sided): **P < 0.01; ****P < 0.0001.
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the plt1,plt2 mutant, where it was highly reduced, while high levels were 
maintained along the RAM in the PLT2-GR dexamethasone-inducible 
(Dex-inducible) line (Fig. 3a). The KRP5 expression gradient is therefore 
regulated by the PLT2 gradient, suggesting that it can be responsible 
for the G1 duration gradient along the RAM.

To directly evaluate the role of KRP5 in the control of G1 duration, 
we expressed the PlaCCI markers in the krp5-1 mutant background 
(Fig. 3b, left). We found that the krp5-1 mutation shortened G1 in cells 
of the distal half of the meristem (Fig. 3b, right, Supplementary Video 5  

and Extended Data Fig. 8b). We also found that ectopic PLT2-GR protein 
expression produced an increase in the KRP5 mRNA levels at short 
time after Dex induction but also affected mRNA levels of other KRP 
members (Fig. 3c). Consequently, we measured G1 duration using 
PlaCCI expressed in a sextuple krp1,2,3,4,5,7 (also named ick1,2,6,7,3,5)27 
mutant background (Fig. 3d, left). We found that the G1 gradient was 
now abolished (Fig. 3d, right, Extended Data Fig. 8c and Supplemen-
tary Video 6), phenocopying the loss of PLT driver function. This also 
revealed that KRP6/ICK4, still present in the sextuple mutant, was not 
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Fig. 4 | Relevance of the G1 duration gradient. a, G1 duration is regulated at 
different stages of LR development. For quantification, the LRPs of seven-day-old 
PlaCCI seedlings were classified by size and divided into two halves: the distal 
half (solid blue circles) towards the apex of the LRPs and the proximal half (empty 
circles) towards the base of the LRPs. The data points correspond to the G1 
duration of individual cells quantified from different recorded videos (up to 21 h 
long using confocal microscopy), and the median is represented. The number of 
cells recorded is indicated for each LRP size class below each data distribution 
inside the graph, all collected from nine LRPs of three roots. Statistical 
significance was determined using non-parametric Mann–Whitney rank sum 
tests (two sided): NS, not significant (P > 0.05); ****P < 0.0001. Representative 
images of the LRPs analysed at different developmental stages are shown below 
the graph. Scale bar, 40 µm. b, KRP5 protein level is also regulated at different 
stages of LR development. LRPs were classified by size, as in a. Quantification of 
KRP5–GFP signal was carried out in the distal and proximal halves of the LRPs, 
as described in a. The data points correspond to the KRP5–GFP signal intensity 
of individual cells, and the median is represented. The number of cells recorded 
are indicated for each LRP size class below each data distribution inside the 
graph. The number of LRPs scored for each size class was n = 6 for 0–50, n = 7 for 

51–70, n = 6 for 71–90, n = 4 for 91–110 and n = 7 for >111 from five roots. Statistical 
significance was determined using Mann–Whitney rank sum tests (two sided): 
NS, P > 0.05; ****P < 0.0001. Representative images of LRPs analysed at different 
developmental stages are shown below the graph. Bright-field images of the 
same LRPs shown are included to facilitate visualization of the LRPs (highlighted 
with dashed yellow lines). Scale bar, 40 µm. c, Plants with a G1 duration gradient 
show a more robust response to DNA-damaging treatments. The left plot on 
each side shows the root growth kinetics of plants transferred at four days post 
sowing to an MSS medium (as described in Methods) in the absence (control) or 
presence of zeocin (2.5 µg ml−1) of the wild type and the indicated mutants. The 
right plot on each side shows the quantification of root size measured at the end 
of the experiment (seven days after treatment). The colour code is as indicated 
in the left plots. The data points correspond to individual roots. The root sample 
sizes were as follows: in the control treatment, n = 9 for the wild type, n = 10 for 
krp5-1, n = 8 for krp1,2,3,4,5,7 and n = 5 for rRBr/rbr1; in the zeocin treatment, 
n = 11 for the wild type, n = 15 for krp5-1, n = 13 for krp1,2,3,4,5,7 and n = 6 for 
rRBr/rbr1. Statistical significance was determined using one-way analysis of 
variance followed by two-sided Tukey’s multiple comparison tests (NS, P > 0.05; 
****P < 0.0001).
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very relevant in controlling the G1 duration gradient. A summary of the 
G1 duration of cells in the distal and proximal halves of the RAM in all 
the genotypes studied is shown in Extended Data Fig. 9.

Our data and modelling predictions jointly indicate the exist-
ence of a gene regulatory network that restricts G1 progression. Since 
KRPs inhibit CDK activity, which in turn relieves RBR1 repression3, the 
PLT2–KRP–RBR1 pathway fulfils the role of the negative regulatory 
branch in the IFFL model, where PLT2 acts as an upstream molecular 
driver (Fig. 3e). PLT2 thus drives two opposing branches acting simul-
taneously: one stimulating cell proliferation potential and another 
activating the expression of the KRP5 CDK inhibitor, which restricts 
cell cycle progression by lengthening the G1 phase. Such fold-change 
detection of PLT levels along the root provides a robust mechanism for 
controlling G1 duration and hence cell proliferation patterning during 
root development. In this scenario, KRP5 is directly responsible for 
transferring the diffusion-driven PLT gradient to the RBR1 regulatory 
function (Fig. 3e). This is further supported genetically since the excess 
cell division observed in the PLT2-GR roots is highly increased in the 
krp5 mutant background, demonstrating that KRP5 restricts the stimu-
latory effect of PLT2 on cell division (Fig. 3f and Extended Data Fig. 10a). 
These findings together with the previously reported genetic interac-
tion between PLT2 and RBR1 (ref. 20) have uncovered a new develop-
mental mechanism controlling the longitudinal zonation of the root 
in terms of cell cycle progression. Our data show that the regulation 
of KRP5 by PLT2 provides a direct link between a regulator of stem cell 
maintenance and the formation of a G1 duration gradient in the root 
meristem. The participation of other factors reported to control mer-
istem zonation through the regulation of PLT gene expression such as 
XAL1/AGL12 (refs. 28,29), GROWTH-REGULATING FACTORs and miR396 
(refs. 30,31), and the peptide hormone root meristem growth factor  
RGF1 (ref. 32) in the control of G1 duration along the RAM by fine- 
tuning the proposed IFFL mechanism remains to be explored.

To explore the developmental relevance of the G1 duration gradi-
ent in the RAM, we focused on lateral root (LR) formation, a process 
where cell proliferation and differentiation are coordinated at various 
developmental stages33. We observed very few cells in G1 at the early 
stages of LR formation, a pattern that progressively changed after 
LR emergence (Fig. 4a and Supplementary Videos 7 and 8). This is 
consistent with estimations of cell doubling times at early stages of LR 
development34. Quantification of the G1 phase duration at different 
stages of LR development showed that G1 progression is fast at early 
stages and is lengthened as the LR develops (Fig. 4b), establishing at 
later stages the difference in G1 duration between the proximal and 
distal halves of the RAM of the newly formed LR, as observed in the 
primary root. Given the importance of RBR and KRP5 in regulating 
G1 progression and our previous findings that they participate in the 
inhibitory branch of the IFFL, we determined the dynamics of these 
two proteins at different stages of LR development. We found that 
RBR–YFP protein was enriched in the distal half of the LR meristem, 
but the levels appeared to be quite constant in both early and late LR 
developmental stages (Extended Data Fig. 10b), results that are con-
sistent with its activity being primarily regulated post-translationally. 
In contrast, KRP5–GFP protein levels were strongly dependent on 
the LR developmental stage. We found that KRP5–GFP levels were 
very low at early LR primordia (LRP) stages, coinciding with a fast 
G1. At later LRP developmental stages, KRP5–GFP levels increased 
significantly in the distal half of LRPs, but not in the proximal half, 
establishing a distal–proximal gradient similar to that observed in 
the RAM and coinciding with the increase in G1 duration in the distal 
domain (Fig. 4b). Moreover, the fast production of new cells at early 
stages of LR development is analogous to the fast G1 progression 
reported in regenerating cells after root ablation before a new fully 
formed primary root is established35. Together, these data reinforce 
the idea that a dynamic G1 duration is intrinsic to various conditions 
of organ development.

We also evaluated the possible impact of the G1 duration gra-
dient in relation to the maintenance of genome integrity, which is 
of primary importance for stem cells and their early derivatives36. 
We measured root growth after a prolonged genotoxic challenge at 
drug concentrations that do not arrest root growth. We found that 
the sextuple krp1,2,3,4,5,7 mutant grown in zeocin, a drug that pro-
duces double-strand breaks, showed a reduced tolerance and severely 
impaired root growth (Fig. 4c). The rbr1 mutant showed an enhanced 
reduction of root growth, consistent with the known participation of 
RBR1 in G1 progression and DNA repair37,38.

Our findings highlight the unexpected role of G1 duration in 
spatial–temporal plant organ growth where specified stem cells and 
early derivatives develop long G1 phases, whereas cells undergoing 
their last division cycles before differentiation accelerate G1 progres-
sion. Interestingly, the Lgr5+-expressing cells in intestinal crypts, a 
marker of stemness, also develop longer cell cycles than their late 
derivatives as a result of a longer G1 phase39. Regulating the G1 dura-
tion gradient also raises broader questions, since it may be relevant 
for other growing organs in both plants and animals given the high 
conservation of retinoblastoma proteins in G1 progression control 
in all eukaryotes3. We propose that the mechanism elucidated here, 
possibly in coordination with others, to establish a long G1 duration 
in a large fraction of RAM cells favours the root lifespan. Addition-
ally, a long G1 serves to maintain the genome integrity of stem cell 
derivatives, providing a growth advantage to the root in response to  
genotoxic challenges.

Methods
Plant material and growth conditions
The following Arabidopsis thaliana lines were used in this work: 
wild-type Columbia ecotype (Col-0) from NASC, PlaCCI6, pRCH1::RBR 
RNAi (rRBr)14, plt1-4,plt2-2 (ref. 22), 35S::PLT2-GR23, krp5-1 (TAIR acces-
sion SALK_053533)40, sextuple krp1,2,3,4,5,7 (ref. 27) and pRBR::RBR–
YFP41. Plants expressing KRP5–GFP were generated by using a construct 
containing a 4363 insert of a genomic fragment spanning from 2,989 bp 
upstream of the transcription start site to 621 bp downstream of the 
stop codon. The PCR-amplified genomic fragment was cloned into the 
Gateway entry vector pDONR221 by BP reaction according to the manu-
facturer’s instructions (no. 11789020, Thermo Fisher Scientific), and the 
sGFP tag was inserted just before the stop codon by the SLiCE method42. 
An attL x attR recombination with LR clonase (11791020, Thermo Fisher 
Scientific) was performed with the destination vector pGWB1 (ref. 43)  
to generate a binary vector. Seeds were bleach-sterilized, stratified at 
4 °C for two days and grown on MSS medium containing 0.5× Murashige 
and Skoog (M0222) salts (pH 5.7) supplemented with MES (M1503), vita-
mins (M0409), 1% sucrose (S0809) and 0.6%, 0.8% or 1% agar (P1001), 
all from Duchefa. Plant transformation was carried out via the floral 
dip method44. Plants grew vertically or horizontally in an incubator at 
21 °C and 60% moisture, under long-day conditions (16 h light/8 h dark 
cycles, fluorescent tubes (Radium Spectralux Plus NL-T8), 36 W, cool 
daylight, 100 μmol m−2 s−1). For chemical treatments, three-day-old 
plants were transferred to MSS medium with or without 2.5 µg ml−1 
zeocin (R25001, Thermo Fisher Scientific) or to MSS medium contain-
ing either 10 µM Dex (D4902, Sigma-Aldrich) or the equivalent volume 
of ethanol for the control.

In vivo imaging and confocal microscopy
Seedlings were transferred four days post-sowing to P35 coverslip- 
bottom dishes (MatTek) and seven days post-sowing to a large coverslip 
chamber (Ibidi) for live imaging of the RAM and LRPs, respectively. A 
block of 1% agar with 0.5× Murashige and Skoog medium was placed 
on top of the seedlings, and a segment was cut with a sterilized blade, 
making room for the aerial part to grow outside of the agar. To avoid 
curling and drifting of the roots in the z plane, a square piece of 100-µm 
nylon mesh (Nitex) was placed between the seedlings and the agar 
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block, creating tracks for the roots to grow straight. After the lid was 
fixed with Micropore tape, the roots were allowed to acclimate over-
night, with the dishes placed vertically in the plant culture chamber. 
For 35S::PLT2-GR lines, the block of agar contained 10 µM Dex to induce 
PLT2-GR activity, and confocal imaging was initiated 6 h after Dex 
induction. Root meristems were imaged every 30 min up to 20 h with 
a Nikon A1R+ inverted confocal microscope using an oil ×40 objec-
tive. Confocal stacks spanning over half the root thickness (pinhole 
of 3.5–4 µm, ~50 µm distributed in ~14 z planes) were acquired at each 
time point, with 2×1 tile-scan to cover the whole meristem plus the 
transition zone length. Images and video editing were performed using 
FIJI v1.53f51 (ref. 45). Different root cell types were identified by their 
anatomical position in the root. In each case, scoring was initiated at 
the RAM boundary and then continuing along the file up to the QC. 
All imaging experiments were performed in at least two independent 
replicates conducted on different days.

Positioning of cells and mitotic figures in the root meristem
The positions of individual cells in the meristem were calculated by:

Relative position = Cell distance from QC (μm)
Meristem length (μm)

Meristem length was taken as the distance from the QC to the first 
cell doubling its size. A relative position of 0 thus corresponds to the QC 
and 1 to the end of the meristem. Epidermal, cortical and endodermal 
cell positions were relative to their own tissue meristems. When this 
position was calculated in the analysis of in vivo experiments, the cell 
distance from the QC was that at the beginning of the process under 
study—for example, right after the anaphase of a cell in which G1 was 
being measured. For G1 length measurement at different stages of LRP 
development, LRP length and cell position were determined in the time 
frame of cell division.

EdU labelling and chase experiments
Seedlings (seven days after sowing) were transferred to 0.5× liquid MSS 
containing 20 µM EdU (A10044, Thermo Fisher Scientific) for 15 min to 
label cells undergoing S phase. The analogue was then washed off, and 
the plants were incubated in 0.5× liquid MSS supplemented with 50 µM 
thymidine (Sigma) for different chase time periods to allow cell cycle 
progression. The plants were then fixed with 4% paraformaldehyde in 
microtubule stabilizing buffer (50 mM PIPES, pH 6.9, 5 mM EGTA, 5 mM 
MgSO4) and permeabilized as described previously46. EdU incorpora-
tion was detected with the Click-It Alexa Fluor 647 Imaging kit (C10640, 
Thermo Fisher Scientific), nuclei were stained with DAPI and roots were 
imaged by confocal microscopy with a Zeiss LSM800. G2 phase length 
was directly measured along the root meristem by determining the 
kinetics of appearance of EdU-labelled mitotic (Extended Data Fig. 3) 
in the different tissues and chase times8.

Analysis of the dynamics of cell cycle marker proteins
The residence time of CYCB1;1–YFP in the cells was measured by in vivo 
imaging of PlaCCI seedlings6 as the time between the loading of this 
protein in G2 and its degradation at the metaphase–anaphase tran-
sition. CDT1a loading kinetics was assessed by measuring the time 
between the end of anaphase and a detectable CDT1a–CFP signal. 
Likewise, G1 phase duration was given by the time between the end 
of mitosis and the degradation of CDT1a–CFP at the G1/S transition.

Quantitative real-time PCR with reverse transcription
Total RNA was extracted from roots from Col-0 and PLT2-GR-expressing 
plants after Dex induction. Tissues were frozen in liquid nitrogen and 
ground with glass beads using a Silamat S5 (Ivoclar Vivadent). The 
homogenized tissues were then processed using the Maxwell RSC Plant 
RNA Kit (Promega) following the manufacturer’s instructions. Total 

RNA (1 μg) was reverse transcribed using iScript Reverse Transcrip-
tion Supermix (no. 1708841, BioRad), following the manufacturer’s 
instructions. Quantitative real-time PCR was performed using iTaq 
Universal SYBR Green Supermix (no. 1725124, BioRad) in a 384-well 
CFX Opus3 Real-Time PCR System (BioRad). Quantification was based 
on the crossing-point calculation, using the second-derivative maxi-
mum method of absolute quantification using GAPC-2 (AT1G13440) 
as the internal control. At least three biological and three technical 
replicates were performed for each sample. The specific primers 
(IDT) used for the amplification of gene sequences are listed in 
Supplementary Table 3.

Differential expression of TFs along the RAM
Data were taken from the spatial gene expression patterns along the 
root obtained from correlative root slices from the tip (slice 1) to the 
basal part of the root17. We first selected a set of 1,472 genes with variable 
expression along the root and clustered them using weighted correla-
tion network analysis to identify modules of highly correlated genes. 
We obtained seven modules (M1 through M7) containing genes of highly 
correlated expression levels. These were classified into three groups 
depending on their profiles as type A, B and C modules, corresponding 
to the highest expression in distal (1–6), middle (6–7) or proximal slices 
(10–12), respectively. To identify TFs putatively contributing to the 
establishment of the expression profiles, we searched for enriched TF 
binding sites in the promoters of genes in each module. TF binding sites 
were mapped in 1-kb gene promoters with FIMO47, and fold-enrichment 
on a log2 scale was calculated by mapping the same sites in the complete 
Arabidopsis promoter set. A heat map was calculated for individual TF 
families identified. AP2–ANT binding sites enriched in M1 promoters 
corresponded to PLT1 (Cis-BP ID M06622_2.00) and AIL6 (Cis-BP ID 
M06659_2.00) with consensus sequences kgCACGrwtyyCgAGrmrr 
and gCaCGrwTyyCgAkr, respectively19.

Computational model description
The model was built using MorphoDynamX, a modelling platform 
based on MorphoGraphX48. MorphoDynamX is an advanced model-
ling framework based on a geometric data structure (http://algorith-
micbotany.org/papers/laneb.th2015.html)49. The mechanical growth 
of the simulated root is based on position-based dynamics, a modern 
constraint-based method used to simulate physical phenomena such 
as cloth, deformation, fluids, fractures and rigidness50. Chemical 
processes are numerically solved using the simple Euler method. 
The model is a customized version of the mechano-biochemical root 
model, and we refer the reader to the original publication for specific 
details of core model implementation25. The model incorporates the 
chemical control of cell division, according to the IFFL model concept. 
In the model the cell division is regulated by two biochemical species, 
a driver and a regulator. The presence of the division driver increases 
the probability of cell division, while the regulator (promoted by the 
driver) negatively regulates the cell division cycle. High concentrations 
of the regulator therefore correlate with longer division cycles. The 
system follows the scheme described by an IFFL (Fig. 3g). The full list 
of parameter descriptions can be found in Supplementary Table 2. 
Specifically, the division driver is induced by an upstream growth 
promoter, which is assumed to be present at high concentrations in 
the root tip. The driver is allowed to diffuse between cells21, according 
to the formula:

dPR
dt

= PRmax ×
GR2

GR2 + PR2k
+ PRperm

m
∑
i

(PRi − PR)Li
areai + area

− dPRPR (1)

PRmax is the maximum level of growth-promoter-induced driver 
expression, PRk is the half-max coefficient of growth-promoter-induced 
driver function, PRperm is the driver cell permeability coefficient, dPR is 
the driver degradation rate, GR is the growth promoter concentration 
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inside the current cell, PR is the driver concentration inside the current 
cell, area is the total area of the current cell, the summation symbol 
indicates iteration over the m neighbour cells of the current cell, and PRi 
and areai indicate the driver concentration and area of a specific neigh-
bouring cell, respectively. Li is the length of the membrane between the 
current cell and the specific neighbouring cell.

Conversely, regulator expression is promoted by the driver:

dIN
dt

= INmax ×
PR2

PR2 + IN2k
− dININ (2)

INmax is the maximum level of driver-induced regulator function, 
INk is the half-max coefficient of driver-induced regulator function, 
dIN is the regulator degradation rate and PR is the driver concentration 
inside the current cell.

The cell cycle time (the minimum amount of time between cell divi-
sions, which here is considered directly proportional to the G1 length) is 
directly regulated by the regulator according to the following formula:

CCcell = DIVmax × ( 2
1 + e−DIVIN×IN

− 1) (3)

DIVmax is the maximum cell cycle time, DIVIN is the exponential rate 
of cell cycle regulation by the regulator and IN is the concentration of 
the regulator inside the current cell.

Considering the aforementioned components, cell division is 
implemented in the simulations according to the following rules:

•	 Only cells inside the meristem can divide.
•	 Cells are allowed to divide only once they have doubled their 

size in length.
•	 The division driver allows cell division once its concentration is 

above a certain threshold, DIVprom.
•	 A cell can divide only if its lifetime (the time passed since the last 

division) has reached the cell cycle time determined by the divi-
sion regulator, CCcell.

•	 The division regulator is degraded after cell division.
•	 After cell division, biochemical species are set to half of original 

concentrations to account for potential dilution effects.

We performed a statistical analysis to obtain hypothesis testing 
results for the experimental data. We calculated the Hausdorff dis-
tance51 between experimental data and model simulations for both the 
wild type and the mutants. Next, we generated 10,000 random pairs of 
data from the following formula:

yi = aie−rix (4)

where i ∊ [1,2] indicates the pair element index, a ∊ (0, 50] indicates the 
curve intercept (in accordance with the maximum cell cycle length) 
and r ∊ (0,10] indicates the exponential disgrace in cell cycle length (in 
accordance with the observed experimental data). We calculated the 
Hausdorff distance for each of the previous random pairs, and finally 
we calculated the P value as the proportion of random distances smaller 
than the Hausdorff distance obtained between the experimental data 
and the model simulations. A small P value indicated that the observed 
similarity between the experimental data and model simulations is hard 
to explain by chance alone.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All other data are available in the main text or the Supplementary 
information. Source data are provided with this paper.
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Extended Data Fig. 1 | Anatomical organization of the Arabidopsis root apex. 
Nuclei are identified by the constitutive expression of a histone H3.3-GFP protein 
(green) and the cell walls were stained with propidium iodide. On the radial axis, 
concentrical cell layers can be identified from the outermost epidermal layer to 
the cortex, endodermis, pericycle and vascular tissues. On the longitudinal axis, 
the root apical meristem (RAM), the focus of our study, occupies the more distal 
(or rootward) zone and contains all proliferating cells52. The RAM is followed 
by an elongation zone, where cells stop proliferation, enter the endocycle and 

initiate elongation, and finally a differentiation zone where cells acquire their 
final differentiated state. Within the RAM, a group of rarely dividing cells, the 
quiescent center (QC) cells, is located distally and is surrounded by stem cells53,54 
that give rise to all different root cells types (see inset). Asymmetric division of 
these stem cells renders the first derivatives that undergo several divisions within 
the transit amplifying compartment before arresting the cell cycle and initiating 
an elongation process, coinciding with the RAM boundary9, which is defined by a 
complex hormonal balance55,56.
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Extended Data Fig. 2 | Duration of G1 in various cell types in cells lacking the 
RBR1 protein. Videos were recorded covering the RAM of plants expressing 
the PlaCCI markers in a mutant lacking RBR1 (rBRr plants), as described in the 

main text. Each dot represents the G1 length of individual cells. Cell numbers 
were 62, 44, 94 and 95 for atrichoblasts, trichoblasts, cortex and endodermis, 
respectively, taken from 9 roots.
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Extended Data Fig. 3 | Measure of G2 phase duration in various cell types. 
a, EdU pulse-chase strategy for direct measurement of the G2 phase duration. 
Seedlings were labeled with a short (15 min) pulse of the thymidine analogue 
EdU and then chased for different periods of time, in the absence of EdU and in 
the presence of an excess of thymidine to reduce further EdU incorporation, 
before Click-It detection of EdU labeled nuclei, as indicated in the upper part 
of the figure. The lower part of the figure contains a simplified scheme to 
illustrate cell cycle progression during the chase period. Cells in S-phase are all 
labeled with EdU during the pulse. Then, with time, cells progress across G2 and 
eventually enter mitosis. Quantification of mitotic cells labeled with EdU in the 
different chase times measures the G2 length. The average G2 phase duration 

corresponds to the chase time where 50% of mitotic cells appear labeled, 
assuming a normal distribution of the EdU labeled cells. b, Average duration 
of G2 in various cell types. The fraction of EdU-labeled mitosis was quantified 
at different chase times after a pulse with EdU (15 min) by counting labeled 
(red) and unlabeled (blue) mitotic figures in individual roots (n = 10 per time 
point). The percentage of labeled mitoses was calculated for each root, and the 
mean ± SD is shown. The average G2 duration was estimated as the time point at 
which 50% of the maximum number of EdU-labeled mitotic figures was reached 
in the pulse-chase curve (indicated by the thin lines in each case). Panel a created 
with BioRender.com.
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Extended Data Fig. 4 | Differences in G2 duration do not compensate for the 
long G1. a, G2 progression by measuring the appearance of mitotic cells labeled 
after an EdU pulse (15 min). Unlabeled (blue dots) and labeled (red dots) mitosis 
were scored at various chase times after the EdU pulse, according to their 
position along the RAM (0.0 = QC, 1.0 = RAM boundary, as described in Fig. 1c). 
Quantifications were carried out separately for various cell types, as indicated. 
b, Quantification of EdU-labeled mitosis at various chase times in two regions 
of the RAM: distal (empty squares) corresponds to the region located between 
the position 0.0 (QC) up to 0.4 of the RAM; proximal (filled circles) includes 
the rest of the RAM (from 0.4 to its boundary at 1.0). Data are mean values ± s.d. 
The experiment was carried out in duplicate, processing 5 roots per biological 
replicate for each chase time. Total number of cells analyzed for each cell type 

was: atrichoblasts (n = 312 EdU–, n = 75 EdU + ), trichoblasts (n = 237 EdU–,  
n = 42 EdU + ), cortex (n = 401 EdU–, n = 139 EdU + ), endodermis (n = 495 EdU–, 
n = 237 EdU + ). c, Live-imaging of cells showing the dynamics of CYCB1;1 loading 
in late G2 and its degradation at the metaphase/anaphase transition. Two 
examples of cells with a relatively short (upper panel; atrichoblast located at 
relative position 0.41 of the RAM) and long (lower panel; trichoblast at position 
0.37) G2+prophase+metaphase period (black bars under each panel) are shown. 
Scale bar = 10 µm. d, Duration of the CYCB1;1 wave (time between first detectable 
signal and complete degradation of CYCB1;1 at the metaphase/anaphase 
transition) along the root meristem in four root cell types, as indicated.  
Total n = 75 cells, 4 roots.
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Extended Data Fig. 5 | Analysis of gene regulatory network along the root.  
a, A WGCNA clustering in relation to gene expression along the root. Root sections 
were taken from Brady et al.17 where C corresponds to the columella and the RAM 
boundary to section 6. Plots represent mean gene expression (and confidence 
interval in shade) of the genes included in each of the modules or clusters. The 
number of genes is indicated as ‘n’. Gene modules are classified in relation to 
their maximal expression in distal (type A), middle (type B) and proximal (type C) 

root sections (Section C = columella; sections 1-6 = RAM; sections 7-8 = transition 
(endoreplication) zone; sections 9-12 = elongation-differentiation zone).  
b, AP2-ANT binding sites enriched in M1 promoters corresponded to PLT1 (Cis-BP 
ID M06622_2.00) and AIL6 (Cis-BP ID M06659_2.00) with consensus sequences 
kgCACGrwtyyCgAGrmrr and gCaCGrwTyyCgAkr, respectively. Nucleotide codes 
are as follows: K, G or T; R, A or G; W, A or T; Y, C or T; M, A or C.
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Extended Data Fig. 6 | Duration of G1 in various cell types in cells of plt1-4, 
plt2-2 double mutant. Videos were recorded covering the RAM of plants 
expressing the PlaCCI markers in a plt1-4,plt2-2 double mutant, as described in 

the main text. Each dot represents the G1 length of individual cells. Cell numbers 
were 36, 26, 81 and 64 for atrichoblasts, trichoblasts, cortex and endodermis, 
respectively from 2 roots.
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Extended Data Fig. 7 | Simulations of PLT mutant predict shortening of G1 duration with reduction of IFFL driver. Left panel: model simulation showing driver 
activity in the wild type and plt1-4,plt2-2 mutant. Right panel: model simulation showing cell cycle time (a proxy of G1 duration in our model) along the root as a result of 
driver accumulation in the wild type and the mutant.
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Extended Data Fig. 8 | Modeling KRP5 expression and G1 duration in krp 
mutants. a, Comparison between model simulation and experimental data of 
the KRP5-GFP signal. Experimental KRP5-GFP data (light green dots) with model 
simulation data (dark green dots). Each dot represents the value of individual 
cells. b, Duration of G1 in various cell types in cells of krp5-1 mutant. Videos 
were recorded covering the RAM of plants expressing the PlaCCI markers in 
the krp5-1 mutant, as described in the main text. Each dot represents the G1 

length of individual cells. Cell numbers were 78, 73, 68 and 59 for atrichoblasts, 
trichoblasts, cortex and endodermis, respectively (6 roots). c, Duration of G1 
in various cell types in cells of the sextuple krp1,2,3,4,5,7 mutant. Videos were 
recorded covering the RAM of plants expressing the PlaCCI markers in the 
krp1,2,3,4,5,7 mutant, as described in the main text. Each dot represents the G1 
length of individual cells. Cell numbers were 51, 45, 69 and 99 for atrichoblasts, 
trichoblasts, cortex and endodermis, respectively (2 roots).
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Extended Data Fig. 9 | Summary of G1 duration in the genetic backgrounds 
studied. a, Percentage of cells with G1 duration of the indicated lengths in the 
distal (between relative position 0.0 and 0.5) and proximal (between relative 
position 0.5 and 1.0) halves of the RAM in each genotype analyzed in this study. 

b, Summary of percentage of cells with different G1 durations located in the 
distal half of the RAM in each genotype analyzed in this study. c, Summary of 
percentage of cells with different G1 durations located in the proximal half of the 
RAM in each genotype analyzed in this study.
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Extended Data Fig. 10 | Root phenotype after PLT2 expression and expression 
pattern of RBR-YFP in lateral roots. a, Effect of constitutive PLT2 expression 
on cell division. Whole root meristems of 6 day old plants expressing PLT2-GR 
in wild type (wt) or krp5-1 mutant background in the presence or absence of 
Dexamethasone (Dex) during 30 h. Details of the epidermal layer of each case 
(white rectangles) are shown in Fig. 3f. Scale bar = 20 µm. b, Quantification of 
RBR in lateral root primordia (LRP). LRPs of plants expressing RBR-YFP were 
classified depending on their size in early (0-90 µm) and late ( ≥ 90 µm) stage of 
development. For quantification, LRPs of seedlings expressing RBR-YFP were 

divided into two halves: the distal half (solid blue circles), towards the apex of 
the LRPs and the proximal half (empty circles), towards the base of LRPs. Data 
points correspond to RBR-YFP signal intensity of individual cells and the median 
is represented. The number of cells recorded are indicated for each LRP size class 
below each data distribution inside the graph. The number of LRPs scored for 
each size class was: 0-90 (n = 8), >90 (n = 5) from 3 roots. Statistical significance 
was determined using Mann-Whiney Rank Sum tests (two sided): **, p < 0.01; 
****, p < 0.0001. Representative images of the lateral root primordia analyzed at 
different development stages are shown below the graph. Scale bar = 40 µm.
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