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Summary 8 

In monocarpic plants, all reproductive meristem activity arrests and flower production ceases after 9 
the production of a certain number of fruits. This proliferative arrest (PA) is an evolutionary adaptation 10 
that ensures nutrient availability for seed production. Moreover, PA is a process of agronomic interest 11 
because it affects the duration of the flowering period and therefore fruit production. While our 12 
knowledge of the inputs and genetic factors controlling the initiation of the flowering period is 13 
extensive, little is known about the regulatory pathways and cellular events that participate in the 14 
end of flowering and trigger PA. Here, we characterize with high spatiotemporal resolution the cellular 15 
and molecular changes related to cell proliferation and meristem activity in the shoot apical meristem 16 
throughout the flowering period and PA. Our results suggest that cytokinin (CK) signaling repression 17 
precedes PA, and that this hormone is sufficient to prevent and revert the process. We have also 18 
observed that repression of known CK downstream factors such as type B cyclins and WUSCHEL 19 
(WUS) correlates with PA. These molecular changes are accompanied by changes in cell size and 20 
number likely caused by the cessation of cell division and WUS activity during PA. Parallel assays 21 
in fruitfull (ful) mutants, which do not undergo PA, have revealed that FUL may promote PA via 22 
repression of these CK-dependent pathways. Moreover, our data allow to define two phases, based 23 
on the relative contribution of FUL, that lead to PA: an early reduction of CK-related events and a 24 
late blocking of these events. 25 

 26 

Introduction 27 

 28 

Monocarpic plants need to tightly regulate the timing and duration of the flowering period to ensure 29 
reproductive success, and this involves not only to flower at most advantageous conditions, but also 30 
regulating the end of the flowering phase to complete fruit filling and redirect nutrients for optimal 31 
seed production before plant death. The end of flowering is characterized by a sharp cessation of 32 
meristem activity, a proliferative arrest that has been described in several distant species1–3. In 33 
Arabidopsis thaliana, proliferative arrest is visible as an apical cluster of arrested floral buds, below 34 
which fertilized fruits complete their development (Figure 1).    35 
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Decades of genetic and molecular work have generated a vast knowledge of the endogenous and 36 
exogenous cues that control flowering time in Arabidopsis and many other species4,5–8. In marked 37 
contrast, and despite its ecological and economical importance, the controlled termination of the 38 
flowering phase has been a neglected topic for years. Several physiological studies in the last 39 
century described the phenomenon of proliferative arrest at the end of the flowering phase. These 40 
studies showed a major role of seed production in proliferative arrest timing1–3. In sterile plants, 41 
proliferative arrest is delayed or even prevented, as it occurs in Arabidopsis, where the inflorescence 42 
meristem produces a large number of flowers before differentiating into a terminal flower in the 43 
absence of seeds1. These early works also suggested the existence of a graft-transmissible signal 44 
coming from fruits and of genetic factors that control proliferative arrest timing, but failed to identify 45 
such factors. Only recently, the interest in this process has been rekindled with new studies in 46 
Arabidopsis that have uncovered some components of the mechanisms involved in triggering 47 
proliferative arrest. Thus, an age-dependent genetic pathway controlling proliferative arrest has been 48 
identified that involves the transcription factors FRUITFULL (FUL) and APETALA2 (AP2)9,10, which 49 
regulate the expression of WUSCHEL (WUS), a major meristem function regulator11–13. Moreover, 50 
detailed transcriptomic analyses of this developmental process have revealed that the arrested 51 
meristem behaves as a dormant meristem14 and that AP2 is involved in the induction of this dormant 52 
state by regulating genes related to hormonal and environmental responses15. These works also 53 
indicate that proliferative arrest is a reversible process and that meristem activity can be restored 54 
either by fruit removal, as previously shown1, or by inducing AP2 expression in the meristem. Finally, 55 
it has been shown that this process is locally regulated within individual inflorescences, which are 56 
arrest-competent only after reaching a certain developmental age, and that auxin exported from the 57 
last developing fruits could trigger meristem arrest by altering auxin canalization in the stem16. A 58 
recent work17 proposes that the effect of fruits on proliferative arrest is mediated by changes in auxin 59 
transport and signaling in the apical region of the stem as well as by changes in sugar signaling and 60 
metabolism in the shoot apex. However, this new information is still scattered and difficult to integrate 61 
into a coordinated temporal and spatial framework with an accurate description of the meristem 62 
dynamics at or around proliferative arrest. In this work, we aim to fill this crucial gap by characterizing 63 
histological changes, cell division patterns and meristem activity markers in the shoot apical 64 
meristem (SAM) during advanced flowering stages and proliferative arrest. We also make use of ful 65 
mutants, which do not undergo proliferative arrest, but display a gradual decrease of floral production 66 
until the death of the plant, to better understand the specific cell signatures associated with the abrupt 67 
arrest of meristem activity and to get further insights on the role of FUL in the process. Our results 68 
have allowed to differentiate two phases at the end of the flowering period leading to proliferative 69 
arrest. Initially, a reduction of CK signaling and CK-downstream factors such as cell division 70 
regulators or WUS occurs, where FUL would play a role together with additional elements. Secondly, 71 
a complete repression of these CK-related factors strongly dependent on FUL would block meristem 72 
activity and ultimately results in proliferative arrest.  73 
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 74 

Results 75 

 76 

Proliferative arrest correlates with a decrease of cell size and cell number within the shoot 77 
apical meristem 78 

Quantification of flower and fruit production during advanced flowering stages until the onset of 79 
proliferative arrest allowed to distinguish two different phases preceding proliferative arrest. First, a 80 
high proliferation phase where the shoot apex at a defined time point showed an elevated number 81 
of open flowers (1-3 wab), and that correlated with a fast rise of the total number of mature fruits in 82 
the main stem up to 4 wab. Second, a transition phase (4-5 wab) where the rate of flower production 83 
rapidly decreased, and that translated into a slower rate of fruit accumulation (Figure 1A). Then, 84 
proliferative arrest occurs and normally is visible between 4-5 wab, when the characteristic terminal 85 
cluster of non-developing flower buds is formed1 (Figure 1B). After proliferative arrest, no flowers are 86 
produced. These kinetics suggested that the meristem activity is already changing quite in advance 87 
of the observation of the arrested inflorescence. This prompted us to define in an accurate way the 88 
sequence of cellular and molecular events leading to proliferative arrest to better understand the role 89 
of different factors that have been previously related to meristem activity regulation. 90 

Dynamic changes in the stem cell and SAM size have been studied mostly at specific developmental 91 
stages, such as floral transition and shortly after bolting, or during short time lapses18–21. Previous 92 
works have also shown that cell number and size and the total SAM size increase during floral 93 
transition8,22–25. However, it remains unknown whether changes in cell size and number within the 94 
SAM could be related to the onset of proliferative arrest. Therefore, we quantified these parameters 95 
and the SAM area in active and arrested SAMs using MorphoGraphX26, which allowed to delimit the 96 
meristem region (Figure S1) and perform 2.5D segmentation of L1 cells.  97 

Our analyses revealed a significant decrease in cell size, cell number and SAM size 3 wab, and 98 
these parameters continued decreasing at a lower rate until the meristem arrest (5 wab) (Figures 99 
1C-1F). The decrease of these parameters correlated with the gradual decline of flower production 100 
and deceleration of fruit production (Figure 1A). As mentioned before, previous studies have shown 101 
that fruit pruning after the proliferative arrest onset reactivates arrested SAMs1,14,16. Based on this 102 
evidence, and to test whether the changes in SAM size correlated with the changes in its activity 103 
and, therefore, potentially with proliferative arrest, we segmented SAMs one and two weeks after 104 
reactivation by pruning (wap) (6 and 7 wab, respectively, since plants were pruned 5 wab, when the 105 
proliferative arrest was observed). Fruit removal caused a dramatic increase in the SAM area, mainly 106 
associated with the increase in cell area, specially 1 wap (Figures 1C, 1D and 1F), correlating with 107 
the reactivation of organ formation (Figure 1B), but decreased one week later. However, cell number 108 
increased to a lesser extent at 6 wab than cell area and meristem area (Figure 1E). Reactivated 109 
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apices showed a smaller SAM size and a lower cell number in comparison with highly active apices 110 
(2 wab), and produced a few flowers and fruits before arresting again. This suggested that the size 111 
acquired by the SAM at the meristem arrest moment, and particularly the number of cells within the 112 
SAM, conditions SAM activity. Altogether, these results suggest that SAM size reduction is a limiting 113 
factor of SAM activity along the progression of the flowering period and establishes it as determinant 114 
for proliferative arrest. Moreover, since such changes started considerably prior to proliferative arrest 115 
(3 wab), they point towards the existence of early and gradual programmed mechanisms controlling 116 
this process.  117 

 118 

Proliferative arrest involves repression of cell division 119 

Previous works have proposed that changes in cell size in the SAM are a consequence of altering 120 
cell growth and division rates19,21. Cell division implies a previous step of DNA replication, which 121 
results in cell growth. Then, after mitosis, daughter cells grow during the differentiation process18–122 
20,27. To assess with detailed spatiotemporal resolution whether the decrease in cell size and number 123 
depends on the decline of cell divisions within the SAM and, in turn, whether proliferative arrest 124 
depends on changes in cell division patterns, we generated a fluorescent reporter for cell division 125 
and monitored its expression in the shoot apex along the reproductive phase up to proliferative 126 
arrest. This marker was based on the published cyclinB1;2-GUS reporter (CYCB1;2)28. Type B 127 
cyclins are expressed during the G2/M (post-synthesis gap 2/mitosis) transition and degraded at the 128 
end of anaphase via the ubiquitin-proteasome system29. In particular, to visualize cell divisions in the 129 
SAM, we used the CYCB1;2 destruction box (Dbox; a N-terminal motif that acts as a target for 130 
degradation) fused to GFP and expressed under the CYCB1;2 promoter (CYCB1;2pro:Dbox-GFP, 131 
CYCB1;2-GFP).  132 

Active SAMs 2 wab contained a high number of CYCB1;2-GFP expressing cells that were more 133 
densely located in the developing primordia (P1-P5; Figures 2A, 2F and 2K), but also in the central 134 
zone (CZ) and, particularly, in the incipient primordia (I1; Figures 2A and 2F). CYCB1;2-GFP 135 
expressing cells were also detected at the meristem-primordia boundaries of young primordia 136 
(around P1-P3) (red arrowheads; Figure 2F), indicating active primordia formation at this stage30–32. 137 
One week later (3 wab), CYCB1;2-GFP expression was mainly restricted to a few cells in some 138 
primordia, being undetectable in the CZ, incipient primordia or boundaries (Figures 2B, 2G and 2K). 139 
This observation correlated with the start of the flower production decline (Figure 1A), suggesting 140 
that probably around one week before the conspicuous meristem arrest no new primordia were 141 
initiated. Lastly, no CYCB1;2-GFP signal was observed in arrested apices (Figures 2C, 2H and 2K). 142 
In addition, CYCB1;2-GFP expression was rapidly restored one day after pruning (dap) and 143 
maintained longer (1 wap) (Figures 2D, 2E, 2I, 2J and 2K). The gradual changes in cell division 144 
frequency tightly matched with the changes in histological parameters along advanced flowering 145 
stages, proliferative arrest and meristem reactivation (Figures 2 and 1C-1F). Indeed, segmentation 146 
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of active and reactivated SAMs of CYCB1;2-GFP transgenic lines showed that a high proportion of 147 
bigger cells corresponded to cells in mitosis (Figure 2L), which were mainly observed at the young 148 
or incipient primordia and meristem-primordia boundaries (yellow, black and white asterisks; Figure 149 
S2). Therefore, these data confirmed our previous assumption: proliferative arrest entails repression 150 
of cell division and growth events and, thus, cell cycle progression.  151 

These results are in agreement with previous transcriptomic studies that reported low expression 152 
levels of cell cycle-related genes in arrested meristems and high levels after fruit removal14. In line 153 
with this work, our results demonstrate that proliferative arrest represents a reversible mitotic 154 
dormancy stage, instead of being a mitotic senescence process3,33,34. Furthermore, our data indicate 155 
that repression of cell division constitutes an early and gradual cellular mechanism controlling 156 
proliferative arrest. Firstly, cell divisions are repressed in the CZ of the SAM, where normally 157 
meristematic cells divide slowly and part of the progeny is incorporated into the peripheral zone (PZ). 158 
Secondly, cell divisions are repressed in the PZ, where cells divide fast and differentiate to form new 159 
organs35–37. This leads to interesting questions to be addressed in the future about whether different 160 
factors may regulate meristem arrest in a spatial-dependent manner. 161 

 162 

Cytokinin signaling repression precedes proliferative arrest 163 

Cytokinins (CKs) stimulate the proliferative capacity of the SAM38–40 and promote mitotic division 164 
through the regulation of G1/S and G2/M transitions and different cell cycle components, such as 165 
CYCB, CYCD, Cyclin-Dependent Kinases (CDK), or the recently reported MYB-DOMAIN PROTEIN 166 
3R4 (MYB3R4)38,41–43. These studies together with the connection between repression of CYCB1;2 167 
and proliferative arrest led us to investigate in detail how the CK dynamics correlates with SAM 168 
activity and the proliferative arrest, and try to identify a potential relationship between them. For this, 169 
we analyzed the CK fluorescent sensor TCSn:GFP-ER (Two Component signaling Sensor new)44,45, 170 
which provides a readout of CK signaling and indirectly of CK levels, in active, arrested and pruning-171 
reactivated shoot apices.  172 

Visualization of active apices 2 wab revealed a high TCSn signal in the organizing center (OC) and 173 
in the center of developing flower primordia (Figures 2M and 2R). Also, detailed visualization of 174 
meristem-primordia boundaries at certain developmental stages (around P1-P3) revealed TCSn 175 
expression in boundary cells (Figure S3). In SAMs 3 wab, TCSn expression decreased to very low 176 
levels both in the OC and in the flower primordia (Figures 2N and 2S). The reduction of CK signaling 177 
correlated with the first signs of decline in flower and fruit production (Figure 1A). Finally, TCSn signal 178 
was almost undetectable in arrested SAMs and primordia 4 wab (Figures 2O and 2T) and was 179 
restored rapidly after pruning (1 dap) and maintained longer (1 wap) at levels similar to prearrested 180 
meristems (Figures 2P, 2Q, 2U and 2V). These results suggest that the repression of CK perception 181 
and signaling, and probably an extreme reduction in CK levels, trigger proliferative arrest. Moreover, 182 
the gradual repression of CK signaling and its recovery after pruning strongly correlated with the 183 
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changes in CYCB1;2-GFP expression in the shoot apex. In addition, early reactivated apices (1 dap) 184 
exhibited TCSn signal at the meristem-primordia boundaries, correlating with the recovery of cell 185 
divisions at this domain as well (white and red arrowheads; Figures 2I, 2P and 2U). Altogether, our 186 
data suggest that both CK signaling and CK-dependent cyclins are likely part of the same sequence 187 
of events involved in the early control of proliferative arrest. This correlation is also connected to 188 
parallel changes in cell size and number in the SAM (Figures 1C-1F), which is in agreement with 189 
previous studies showing that defective CK signaling or reduced CK levels lead to smaller meristems 190 
with fewer cells46–48, while increased endogenous CK levels result in enlarged meristems with a 191 
higher number of cells39,40. Finally, rapid reactivation of CK signaling after fruit pruning (seed 192 
removal), together with the evidence that seed-derived signals control proliferative arrest1,14,16, 193 
suggest that such signals may regulate the process through CK-related pathways. 194 

 195 

Cytokinins prevent proliferative arrest and reactivate arrested meristems 196 

To gauge the relative importance of CKs on the maintenance of SAM activity along the flowering 197 
period and, specially, on proliferative arrest, we treated active apices from 2 wab, and continuously 198 
(every 3 days), with CKs (100 µM N6-benzylaminopurine, BAP) and mock (control), as well as 199 
arrested apices (4 wab). Plants continuously treated with BAP were still active 5 weeks after the 200 
initial treatment (wat) (or 7 wab), while control plants stopped to produce flowers 2 wat (or 4 wab) 201 
(Figures 3A-3D). In fact, BAP-treated apices did not undergo proliferative arrest until the treatment 202 
was stopped. We also compared the expression pattern of TCSn in BAP-treated and control apices. 203 
TCSn expression was almost undetectable in arrested apices of control plants 2 wat (Figures 3E 204 
and 3H), while apices of BAP-treated plants showed high levels of TCSn signal and an expanded 205 
TCSn expression domain (Figures 3F and 3I). TCSn expression levels remained high until the end 206 
of BAP treatment (5 wat; Figures 3G and 3J). In addition, BAP-treated apices showed a bigger SAM 207 
with a higher number of cells and flower primordia in comparison with control plants (Figures 3E-3J). 208 
These observations correlate with previous works describing that exogenous application of CKs is 209 
sufficient to expand CK signaling to cells out of the OC in the SAM49 and to increase meristem size 210 
due to CK-promoted cell division43. In addition, they support our previous hypothesis that the onset 211 
of proliferative arrest could be a consequence of SAM size reduction, which would be in turn a 212 
consequence of very low levels of CKs, a marked reduction in CK signaling and the subsequent cell 213 
division cessation in the SAM.  214 

Notably, arrested apices treated with BAP (4 wab) were reactivated and produced new buds and 215 
flowers 1 wat, while mock-treated apices remained arrested (Figures 3O and 3T). In these plants, 216 
TCSn expression was restored in the OC, primordia and boundaries one day after treatment (dat) 217 
(Figures 3P and 3Q), indicating an early reactivation of CK signaling and SAM function that was 218 
maintained 1 wat (Figures 3R and 3S). As expected, in control SAMs TCSn signal was very low or 219 
undetectable 1 dat and 1 wat (Figures 3K-3N). Overall, these assays clearly indicate that CKs are 220 
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sufficient to maintain SAM activity indefinitely, preventing proliferative arrest, and to revert this 221 
process.  222 

Our results are in line with a previous study15 showing that AP2, a regulator of proliferative arrest9, 223 
promotes SAM activity at least in part by negatively regulating the KISS ME DEADLY1 (KMD1), 224 
KMD2 and KMD4 genes50, which repress the Type-B ARR genes and therefore CK response51–53. 225 
Interestingly, our detailed live imaging assay showed that CK signaling repression constitutes an 226 
early molecular mechanism controlling this process. Furthermore, prevention and reversion of 227 
meristem arrest by CKs strongly link these hormones with the negative control of proliferative arrest.  228 

 229 

WUSCHEL repression in the SAM correlates with the CK signaling temporal pattern during 230 
proliferative arrest  231 

CKs are critical for the maintenance of SAM activity by regulating the expression of WUS54. In 232 
particular, Type-B ARRs induce WUS expression in the presence of CK. In turn, WUS directly 233 
represses Type-A ARRs, the repressors of the CK signaling pathway, leading to a positive CK-WUS 234 
feedback loop49,55. WUS transcription is not detected at proliferative arrest 9, indicating a strong 235 
correlation with this process, but the precise dynamics of WUS protein accumulation patterns around 236 
proliferative arrest are unknown, as well as how changes in CK signaling correlate with changes in 237 
WUS expression. For this purpose, we monitored with detailed spatiotemporal resolution the 238 
expression of the translational reporter WUSpro:eGFP-WUS (GFP-WUS)56. GFP-WUS was highly 239 
expressed in the OC and in the center of developing primordia of active apices 2 and 3 wab (Figures 240 
4A, 4B, 4F and 4G). Subsequently, GFP-WUS protein levels decreased rapidly from 3 wab (Figure 241 
S4), being restricted to a few cells within the OC, up to proliferative arrest (4 wab), when GFP-WUS 242 
expression was undetectable (Figures 4C and 4H). Therefore, WUS protein repression started 243 
shortly after the CK signaling decrease rather than a week later. On the other hand, after reactivation 244 
of arrested apices by pruning, GFP-WUS expression was restored in the OC and primordia 1 dap 245 
(Figures 4D and 4I) and was maintained 1 wap (Figures 4E and 4J), resembling TCSn intensity and 246 
temporal distribution (Figures 2M-2V).  247 

WUS is required for maintaining the stem cell niche in the SAM. The SAMs of wus mutants terminate 248 
after producing a few organs due to stem cell exhaustion12. Moreover, WUS maintains stem cell 249 
homeostasis by controlling stem cell number and rates of cell division and differentiation in the SAM. 250 
Thus, elevated levels of WUS promote expansion of the CZ, and also lead to increased cell division 251 
rates in the PZ, whereas a reduction of WUS levels lead to a smaller CZ and a reduction in cell 252 
division rates57. Our data revealed a decrease in the number of cells in the L1 layer of the meristem 253 
region (Figures 1C and 1E). Therefore, the reduction in SAM size could be a consequence of 254 
repression of CK-dependent cell division and growth, as we previously described, but also of WUS 255 
activity repression. Proliferative arrest would then represent a process of stem cell exhaustion. 256 
Moreover, the correlation between WUS expression and temporal patterns of CK distribution 257 
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suggests that the CK-WUS pathway is affected during proliferative arrest and it constitutes an early 258 
molecular mechanism that regulates this process together with other CK-dependent pathways.  259 

 260 

FRUITFULL is involved in the repression of CK-dependent processes 261 

Besides defining the dynamic changes related to stem cell proliferation and meristem activity 262 
involved in proliferative arrest, we aimed to assess the relative importance of these factors on the 263 
regulation of the process itself. We made use of ful mutants, which do not undergo proliferative arrest 264 
(Figures 5A and 5B) and produce flowers and fruits indefinitely, even when most of the body plant is 265 
in an advanced senescent stage (Figure S5). Therefore, this genetic background may help to define 266 
required events leading to proliferative arrest and also to investigate further the mode of action of 267 
FUL, a key regulator of the process9.  268 

Quantification of flower and fruit production along the reproductive period (2-7 wab) showed that ful 269 
mutants behaved similarly to wild-type plants up to 5 wab (Figure 5A), which corresponds 270 
approximately to the onset of proliferative arrest in wild-type. However, ful mutants did not arrest but 271 
continued producing flowers 5 wab. Subsequently, these plants entered into a third phase, producing 272 
flowers beyond this time point, although at a much lower rate (low proliferative phase; 6-7 wab) 273 
(Figures 5A and 5B). 274 

Segmentation of ful mutants throughout the reproductive period revealed similarities and differences 275 
with wild-type SAM behaviour (Figures 5C-5F). Cell area, cell number and SAM area decreased 276 
similarly to wild-type until 5 wab (proliferative arrest onset in wild-type). Strikingly, after this time point 277 
(5 wab), cell area in non-pruned fertile ful mutants increased at 6-7 wab mimicking the response of 278 
arrested wild-type meristems that were reactivated by fruit pruning (Figures 5C and 5D). In contrast, 279 
cell number and SAM size in ful mutants decreased more than in reactivated wild-type meristems at 280 
6 wab. Later, all parameters were almost equal in both genetic backgrounds (non-pruned ful and 281 
reactivated-by-pruning wild-type) at 7 wab (Figures 5D-5F). 282 

Monitorization of cell division with CYCB1;2-GFP in ful apices showed a decrease in the frequency 283 
of divisions 3 wab, as in wild-type apices, and specially between 4 and 5 wab, when CYCB1;2-GFP 284 
expression was restricted to some cells in the incipient or young primordia (Figures 6A-6F and 6I). 285 
However, cell divisions were not completely repressed in ful (Figures 6C-6F and 6I) as in arrested 286 
wild-type apices 5 wab (Figures 2C, 2H and 2K). The number of dividing cells augmented 6 wab in 287 
the SAM and also in the meristem-primordia boundaries of non-pruned ful plants (Figures 6G and 288 
6I), as in reactivated wild-type apices (Figures 2D, 2E, 2I, 2J and 2K), and was maintained 7 wab 289 
(Figures 6H and 6I). TCSn pattern in ful SAMs also showed similarities and differences with that in 290 
wild-type apices. The signal of the TCSn sensor decreased in ful SAMs 3 wab in comparison with 291 
SAMs 2 wab as in wild-type SAMs (Figures 6J, 6K, 2M, 2N, 2R and 2S). However, it was still 292 
detectable 4 wab (Figure 6L), unlike in arrested wild-type SAMs (Figures 2O and 2T), and 5 wab 293 
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(Figure 6M). Interestingly, TCSn expression increased 6 wab in the CZ and the meristem-primordia 294 
boundaries (Figure 6N) as in reactivated wild-type SAMs (Figures 2P and 2U). TCSn expression 295 
was still maintained 7 wab (Figure 6O). Finally, ful meristems maintained GFP-WUS expression 296 
throughout the reproductive phase (2-7 wab) (Figures 6P-6U), correlating with the indeterminate 297 
SAM activity displayed by these mutant plants. GFP-WUS signal declined moderately in ful apices 298 
from 3 to 5 wab (Figures 6Q, 6R and 6S) but, again, increased 6 and 7 wab as in reactivated wild-299 
type apices (Figures 6T, 6U, 4E and 4J).  300 

The described reduction in the flower production rate in ful plants from 3 to 5 wab (Figure 5A) was 301 
in agreement with the observed decline in CK signaling, WUS expression and cell division, as well 302 
as the consequent reduction in cell size, cell number and SAM size. Also, and differently from 303 
arrested wild-type apices, the absence of a complete blocking in CK signaling, cell cycle progression 304 
and WUS activity explained that ful mutants did not experience proliferative arrest and continued 305 
producing flowers. However, ful plants continued producing flowers at a very low rate 6-7 wab, which 306 
did not correlate with the increase in CK signaling, WUS expression, cell divisions and cell area 307 
observed in ful SAMs 6-7 wab in comparison with previous time points (4-5 wab). A possible 308 
explanation for this apparent contradiction could be related to the relatively small size of the ful SAM 309 
at 6 wab, which despite displaying high indicators of cell division activity, could not support enough 310 
differentiation rates. This indicates again that below a certain threshold in cell number and SAM size 311 
the meristem proliferative capacity is affected and, probably, cell proliferation at the CZ cannot 312 
compensate organ differentiation and outgrowth at the PZ of the SAM. In addition, besides the 313 
proposed influence of SAM size as a limiting factor for proliferation, the presence of seed-derived 314 
signals1–3 still active in non-pruned ful mutants or additional factors could also contribute to the 315 
observed SAM behavior.  316 

A second conclusion can be also extracted from these results. The transient decrease of CK 317 
signaling, WUS protein levels and cell division and growth (3-5 wab) in ful apices is similar to wild-318 
type apices from 3 wab to the proliferative arrest, but it never gets totally blocked. The slightly higher 319 
levels of CK signaling, WUS expression and cell divisions from 3 wab indicate that FUL participates, 320 
at least partially, in the negative regulation of these processes before the onset of proliferative arrest. 321 
However, the maintenance of these basal levels 4-5 wab, in contrast to their complete repression in 322 
wild-type plants at proliferative arrest, strongly suggest that FUL is required for providing a robust 323 
shutdown of the meristem activity. Moreover, the increase in CK signaling, WUS expression and cell 324 
divisions observed in ful SAMs at late stages (6 and 7 wab) may indicate the existence of a critical 325 
time point at which FUL may play a major role on the repression of these CK-related events, when 326 
the characteristic arrested inflorescence is visible. It remains to be understood the mechanism for 327 
this late repressive activity of FUL. Interestingly, previously published ChIP-seq data58 demonstrated 328 
that FUL directly activates the expression of the CYTOKININ OXIDASES CKX3 and CKX5, which 329 
encode enzymes involved in CK degradation59,60. These studies together with our data lead us to 330 
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hypothesize that repression of CK-related processes during proliferative arrest could occur not only 331 
through the FUL-AP2 module9,15, but also through the direct control by FUL.  332 

 333 

Discussion 334 

 335 

Our study provides an unprecedented detailed characterization of the sequence of molecular and 336 
cellular events linked to hormonal regulation, stem cell proliferation and meristem activity that leads 337 
to proliferative arrest. In particular, our results show that the onset and progression of this process 338 
entails a coordinated temporal repression of CK signaling and CK-dependent processes such as 339 
WUS-mediated SAM maintenance, CYCB1;2-promoted cell division, and cell and SAM growth. The 340 
early repression of these CK-related processes (3 wab) together with the potential major role of FUL 341 
at the time of inflorescence arrest (visible cluster of arrested buds; 4-5 wab) lead us to propose the 342 
differentiation of two phases at the end of the flowering period leading to proliferative arrest: a first 343 
gradual loss of meristem proliferative capacity and a second short phase that entails complete 344 
meristem activity blocking (Figure 7). Importantly, this study will help us to accurately define the 345 
framework in future approaches aimed at understanding the molecular basis of this process since, 346 
up to now, previous studies at the molecular level9,14,15 have been exclusively focused on 347 
comparisons of high proliferative apices and completely arrested apices, probably missing key 348 
information in between both stages. In addition, the parallel characterization performed in ful mutant 349 
plants suggests that FUL may promote meristem arrest via repression of CK-related pathways. 350 
Interestingly, FUL may have two different modes of action in the control of proliferative arrest that 351 
correlate with the proposed phases: it would act as a gradual repressor of SAM activity at early 352 
stages (mild repressor during the decline) and as a switch that completely inactivates SAM function 353 
at later stages (robust repressor during the shutdown) (Figure 7). Our data can be integrated in the 354 
model of the temporal regulation of SAM maintenance9, which proposed that WUS levels in the SAM 355 
decreased with age by the action of FUL. FUL promotes proliferative arrest by directly repressing 356 
AP2-like genes, which maintain SAM activity by promoting WUS expression9. On the other hand, the 357 
reported AP2 regulation of CK response via KMD proteins15 suggests that AP2 may regulate WUS 358 
through this pathway. Thus, our results strengthen previous works and lead to hypothesize, 359 
additionally, about alternative pathways downstream of FUL activity regulating CK response and, 360 
therefore, SAM activity during the end of flowering (Figure 7). An important goal for future 361 
investigation will be to determine the precise molecular mechanisms underlying such differential 362 
regulation, whether the decline of CK-related pathways that precedes proliferative arrest could be 363 
linked to the concept of arrest-competence proposed by Ware and collaborators16 and the precise 364 
role of FUL in establishing this competence in response to seed-derived or age-related signals9,16. 365 
Altogether, such approaches will provide a more complete picture of how different factors such as 366 
other hormones, environmental signals or age-dependent components proposed in previous 367 
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studies9,14–16 are integrated in this temporal window and control proliferative arrest. For instance, it 368 
will be very challenging to study how other hormones previously proposed as proliferative arrest 369 
regulators, such as auxins and abscisic acid14–16, or involved in other developmental stages, such 370 
as gibberellins in floral transition8, are distributed in the SAM during proliferative arrest or whether 371 
these hormones interact with CK-related pathways or among them. Finally, since proliferative arrest 372 
is common to a wide range of species, the processes described in Arabidopsis thaliana might be 373 
relevant for further biotechnological approaches aimed at improving yield in crops by optimizing the 374 
length of the flowering period. Particularly, because CK treatments prevent meristem arrest and 375 
hence extend the fruit production period, CK-related pathways would constitute promising candidate 376 
breeding targets. 377 
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 394 

Figure legends 395 

Figure 1. Changes in flower and fruit production, cell size, cell number and meristem size 396 
during the flowering period and proliferative arrest. (A) Number of stage 12-15 flowers (asterisks 397 
in B) (upper) and total number of mature fruits (lower) produced by the primary SAM along the 398 
flowering period and till the proliferative arrest (PA). Data are represented as mean ± SD of 10 399 
biological replicates. Asterisks, P < 0.0005, two-tailed Student’s t test comparing each time point to 400 
the previous one. (B) Images of active (2-3 weeks after bolting, wab), arrested (PA normally happens 401 
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between 4 and 5 wab) and reactivated apices (1 week after pruning, wap). Asterisks mark the 402 
developmental stages of flowers counted in A and black arrowheads point to arrested and dead buds. 403 
(C) Heat-map quantification of cell area in the meristem region of active (2-4 wab), arrested (5 wab) 404 
and reactivated inflorescence shoot apices (1 wap or 6 wab, 2 wap or 7 wab). Arrested plants were 405 
pruned when the PA was observed (5 wab). (D-F) Quantification of cell area (D), cell number (E), 406 
and total area (F) of active, arrested and reactivated shoot apical meristems. Data are represented 407 
as mean ± SD of 5-8 apices. Letters in D-F represent P < 0.05; a, two-tailed Student’s t test versus 408 
the previous time point; b, two-tailed Student’s t test comparing reactivation (1 wap or 6 wab, 2 wap 409 
or 7 wab) to the PA time point (5 wab); c, two-tailed Student’s t test comparing reactivation (1 wap or 410 
6 wab, 2 wap or 7 wab) to the initial time point (2 wab). Scale bars represent 1 mm (B) and 20 µm 411 
(C). See also Figure S1. 412 
 413 
Figure 2. CYCB1;2 and CK signaling are repressed during proliferative arrest. (A-J) Expression 414 
of CYCB1;2pro:Dbox-GFP (yellow) in active (A, B, F, G; 2 and 3 wab), arrested (C, H; 4 wab) and 415 
reactivated apices (D, I, 1 day after pruning (dap); E, J, 1 wap). Arrested plants were pruned when 416 
the PA was observed (4 wab). Cell membranes were highlighted using FM4-64 staining (gray). 417 
Confocal projections of the shoot apices combining both CYCB1;2-GFP and FM4-64 channels are 418 
shown in A-E. Corresponding projections with the single CYCB1;2-GFP channel are shown in F-J to 419 
visualize dividing cells in deeper cell layers. The yellow dashed line outlines primordia and 420 
meristems. Pn, flower primordia that have grown out from the meristem; In, incipient primordia. The 421 
positions of incipient primordia (In) were predicted from those of existing primordia (Pn). Both 422 
primordia and incipient primordia are numbered in order of appearance, starting youngest (P1 or I2) 423 
to oldest (P5 or I1). White arrowheads point to less frequent divisions 3 wab (G). Red arrowheads 424 
mark dividing cells in the boundaries of active and reactivated apices (F, I). (K) Number of cells 425 
expressing CYCB1;2-GFP in the meristem region of active, arrested and reactivated shoot apices. 426 
Data are represented as mean ± SD of 5 SAMs. Letters represent P < 0.005; a, two-tailed Student’s 427 
t test versus the previous time point; b, two-tailed Student’s t test comparing reactivation (1 dap, 1 428 
wap or 5 wab) to the PA time point (4 wab); c, two-tailed Student’s t test comparing reactivation (1 429 
dap, 1 wap or 5 wab) to the initial time point (2 wab). (L) Box plots representing the mean cell area 430 
of non-CYCB1;2-GFP expressing cells (CYC-, gray) and CYCB1;2-GFP expressing cells (CYC+, 431 
yellow) in the meristem region of five active (2 wab) and reactivated (1 wap or 5 wab) apices. 432 
Asterisks indicate a significant difference (P < 0.05) from the corresponding CYC- cells according to 433 
two-tailed Student’s t test. (M-Q) Confocal projections of inflorescence shoot apices showing TCSn 434 
intensity distribution (magenta; signal intensity calibration bar) 2 (M), 3 (N) and 4 wab (O), and 1 day 435 
after pruning (dap) (P) and 1 wap (or 5 wab) (Q). (R-V) Corresponding longitudinal sections of the 436 
shoot apices along the dashed lines in M-Q. Cell membranes were highlighted using FM4-64 staining 437 
(gray). Green arrowheads point to TCSn signal in the organizing center of the meristem or primordia. 438 
White arrowheads mark TCSn expression in the meristem-primordia boundaries. Brightness was 439 
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adjusted to the same extent to properly visualize TCSn signal in S, T and U. Scale bars represent 440 
20 µm. See also Figures S2 and S3. 441 
 442 
Figure 3. Cytokinins are necessary to prevent and revert proliferative arrest. (A) Quantification 443 
of fruits produced by shoot apices of N6-benzylaminopurine (BAP, 100 µM) and mock-treated plants 444 
2 and 5 weeks after the initial treatment (wat) (or 4 and 7 wab, respectively). Inflorescences were 445 
treated every 3 days from 2 wab. BAP treatment was stopped 5 wat. Data are shown as mean ± SD 446 
of 21 biological replicates treated with BAP or mock. Asterisks indicate a significant difference (P < 447 
0.001) from the corresponding mock plants according to two-tailed Student’s t test. (B-D) Shoot 448 
apices 2 weeks after mock (B) and BAP treatment (C), and 5 weeks after BAP treatment (D). (E-G) 449 
TCSn:GFP-ER expression (magenta) in the shoot apex of mock-treated plants 2 wat (E) and BAP-450 
treated plants 2 and 5 wat (F and G, respectively). (H-J) Corresponding longitudinal sections of the 451 
shoot apices along the dashed lines in E-G. (K-N, P-S) TCSn intensity distribution (magenta) 1 day 452 
and 1 week after mock (K-N) and 100 µM BAP treatment (P-S) of arrested inflorescences (4 wab, 453 
PA). Confocal projections of the shoot apices are shown in K, M, P and R, and the corresponding 454 
longitudinal sections marked by the dashed lines are shown in L, N, Q and S. (O, T) Shoot apex of 455 
plants that were in PA 1 week after treatment with mock (O) and BAP (T). Cell membranes were 456 
highlighted using FM4-64 staining (gray). Weak TCSn signal in control apices (K, L) can be 457 
occasionally observed because plant handling during treatments can cause silique and seed 458 
dehiscence at late stages and, thus, meristem reactivation. Scale bars represent 1 mm (B-D), 2 mm 459 

(O, T) and 20 µm (E-J, K-N, P-S). See also Figure S3. 460 

 461 
Figure 4. WUS repression correlates with proliferative arrest. (A-C, F-H) Expression of 462 
WUSpro:eGFP-WUS (magenta; signal intensity calibration bar) in active (A, B, F, G; 2 and 3 wab) and 463 
arrested apices (C, H; 4 wab). Arrested plants were pruned when the PA was observed (4 wab). (D, 464 
E, I, J) GFP-WUS expression in apices reactivated by pruning 1 dap (D, I) and 1 wap (E, J). Confocal 465 
projections of the shoot apices are shown in A-E, and the corresponding longitudinal sections marked 466 
by the dashed lines are shown in F-J. Cell membranes were highlighted using FM4-64 staining 467 
(gray). Green arrowheads point to low GFP-WUS signal in the organizing center of the meristem. 468 
Scale bars represent 20 µm. See additional time points (days before PA) in Figure S4. 469 

 470 
Figure 5. Changes in fruit and flower production, cell area, cell number and meristem area in 471 
ful shoot apices. (A) Number of flowers at stages 12-15 (asterisks in B) (upper) and total number 472 
of mature fruits (lower) produced by the primary SAM in ful mutant plants from 2 to 7 wab. Data are 473 
represented as mean ± SD of 10 biological replicates. Asterisks, P < 0.005, two-tailed Student’s t 474 
test comparing each time point to the previous one. The three distinct phases (high proliferation, 475 
transition and low proliferation phase) are indicated. Wild-type data are also shown (dashed line). 476 
Significance of wild-type data is represented in Figure 1A. (B) Images of high proliferative apices (1-477 
3 wab), apices at transition (4 and 5 wab) and low proliferative apices (6-7 wab). Asterisks mark the 478 
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developmental stages of flowers counted in A. (C) Heat-map quantification of cell area in the 479 
meristem region of ful shoot apices 2-7 wab. (D–F) Quantification of cell area (D), cell number (E) 480 
and meristem area (F) in ful meristems 2-7 wab. Data of 4-9 apices are represented. Letters in D-F 481 
represent P < 0.05; a, two-tailed Student’s t test versus the previous time point; b, two-tailed 482 
Student’s t test comparing genotypes. Wild-type data from Figures 1D-1F are also shown (light color 483 
points). Significance of wild-type data is represented in Figure 1D-F. Phases in C-F are established 484 
based on flower and fruit production. Arrested wild-type plants were pruned when the PA was 485 
observed (5 wab) and reactivated wild-type SAMs were segmented 1 and 2 wap (that is, 6 and 7 486 
wab). Scale bars represent 1mm (B) and 20 µm (C). See also Figure S5. 487 

 488 
Figure 6. Fluctuations in cell divisions, CK signaling and WUS expression correlate with 489 
meristem activity changes in ful apices. (A-H) Expression of CYCB1;2pro:Dbox-GFP (yellow) in 490 
ful apices 2 (A), 3 (B), 4 (C, E), 5 (D, F), 6 (G) and 7 wab (H). Cell membranes were highlighted 491 
using FM4-64 staining (gray). Confocal projections of the shoot apices combining both CYCB1;2-492 
GFP and FM4-64 channels are shown in A-H. Corresponding projections with the single CYCB1;2-493 
GFP channel (right panels) are shown to visualize cells in division in deeper cell layers. The yellow 494 
dashed line labels primordia and meristems. Pn, flower primordia that have grown out from the 495 
meristem; In, incipient primordia (assigned by position). White arrowheads point to less frequent 496 
divisions during the transition phase. Red arrowheads mark dividing cells in the boundaries of low 497 
proliferative apices. Two degrees of reduction in division were observed in SAMs 4 (C, E) and 5 wab 498 
(D, F). (I) Number of cells expressing CYCB1;2-GFP in the meristem region of shoot apices 2 to 7 499 
wab. Data are represented as mean ± SD of 5 SAMs. Letter a indicates a significant difference (P < 500 
0.005) from the previous time point according to two-tailed Student’s t test. (J-O) TCSn:GFP-ER 501 
expression (magenta) in ful apices 2 (J), 3, (K), 4 (L), 5 (M), 6 (N) and 7 wab (O). Confocal projections 502 
of the shoot apices are shown in J-O, and the corresponding longitudinal sections marked by the 503 
dashed lines are shown in the lower panels. (P-U) Expression of WUSpro:eGFP-WUS (magenta) in 504 
ful apices 2 (P), 3 (Q), 4 (R), 5 (S), 6 (T) and 7 wab (U). Confocal projections of the shoot apices are 505 
shown in P-U, and the corresponding longitudinal sections marked by the dashed lines are shown 506 
in the lower panels. Cell membranes were highlighted using FM4-64 staining (gray). Green 507 
arrowheads point to TCSn or GFP-WUS signal in the organizing center. White arrowheads point to 508 

TCSn signal in the boundaries. Scale bars represent 20 µm. 509 
 510 
Figure 7. Temporal framework of cytokinin-dependent molecular changes that trigger 511 
proliferative arrest at the end of the flowering period. Cytokinin regulates SAM size and activity 512 
by promoting cell division and WUS expression38–43,49. Based on our results, we propose a model in 513 
which CK signaling and likely CK levels decrease gradually in the SAM along advanced stages of 514 
the reproductive phase. Hence, mitotic divisions decrease in parallel, as shown by the reduction in 515 
expression of the G2/M transition marker (CYCB1;2), and also WUS protein levels. Subsequently, 516 
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this leads to a reduction in stem cell size and number and, thus, in SAM size18–20,27,57, as shown by 517 
the 2.5D segmentation assay. Repression of these CK-regulated processes causes a gradual 518 
decline in SAM activity and flower production and, finally, PA. FUL would promote PA via repression 519 
of these CK-dependent pathways. This could be mediated through the AP2-like pathway previously 520 
described9,15. At early stages (around one week before PA), FUL would contribute, probably together 521 
with other factors (X) and seed signals, to reduce the expression domain and levels of CK response 522 
factors, CYCB1;2 and WUS (decline). At this point, no new primordia would be generated and the 523 
last flowers and fruits would finish to develop. Lastly, FUL would completely block these CK-related 524 
pathways and SAM activity (shutdown), as shown by the absence of expression of the fluorescent 525 
markers in wild-type SAMs and the recovery in ful SAMs. During the shutdown, the inflorescence 526 
only contains arrested buds (PA).  527 

 528 

STAR Methods 529 

 530 

Resource availability 531 

Lead contact 532 

Further information and requests for resources and reagents should be directed to and will be fulfilled 533 
by the Lead Contact, Cristina Ferrándiz (cferrandiz@ibmcp.upv.es). 534 

Materials availability 535 

Plasmids and plant materials generated in this study are all available from the Lead Contact upon 536 
request. Please note that the distribution of transgenic lines will be governed by material transfer 537 
agreements (MTAs) and will be dependent on appropriate import permits acquired by the receiver. 538 

Data and Code Availability 539 

All data reported in this paper will be shared by the lead contact upon request. This paper does not 540 
report original code. Any additional information required to reanalyze the data reported in this paper 541 
is available from the lead contact upon request. 542 

 543 

Experimental model and subject details 544 

Plant material and growth conditions 545 

All plants used in this study were Arabidopsis thaliana ecotype Landsberg erecta (Ler). Mutant alleles 546 
and transgenic lines have been previously described: ful-161, TCSn:GFP-ER45 and WUSpro:eGFP-547 
WUS56. TCSn:GFP-ER and WUSpro:eGFP-WUS lines were crossed to ful-1 and the experiments 548 
were performed with F3 homozygous plants. 549 
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Arabidopsis plants were grown in the greenhouse at 21 °C under LD conditions (16 h light), 550 
illuminated by cool-white fluorescent lamps (150 μE m-2 s-1) and in a 2:1:1 by volume mixture of 551 
sphagnum:perlite:vermiculite. To promote germination, seeds were stratified on soil at 4 °C for 3 552 
days in the dark. Plants were watered with a dilution of the Hoagland’s nutrient solution 1. 553 

 554 

Method details 555 

Plasmid construction and plant transformation 556 

The CYCB1;2pro:Dbox-GFP transgene was generated based on the previously reported transgene 557 
CYCB1;2pro:Dbox-GUS28. A genomic region containing 1147 bp upstream of the CYCB1;2 558 
transcription start site and 874 bp downstream of the start site, which include the destruction box 559 
(Dbox; N-terminal motif that acts as a target for degradation after mitosis), was amplified and cloned 560 
into the pCR8 vector using the pCR8/GW/TOPO TA Cloning Kit (Invitrogen). The primers used for 561 
amplification were: 5¢-GGAGGCCAGAACTTGAAGAAGA-3¢ (CYCB1;2_f; forward) and 5¢- 562 

tAGCACTAAGTACAGACGAGTACGTC-3¢ (CYCB1;2_r; reverse). Then, the CYCB1;2pro:Dbox 563 
fragment was cloned into the destination vector pMDC11062, which contains GFP, by LR 564 
recombination (Invitrogen). Agrobacterium tumefaciens strain C58 was used to transform 565 
Arabidopsis wild-type and ful-1 plants by the floral dip method63. The subsequent assays were 566 
performed using homozygous transgenic lines carrying a single transgene insertion. We selected T2 567 
lines with an appropriate ratio of segregation on Murashige and Skoog (MS) (Duchefa-Biochemie) 568 
plates containing 20 µg/µL hygromycin B (Hyg; Roche). Then, homozygous T3 lines were selected 569 
on MS-Hyg plates and imaged under the confocal to identify the brightest lines with the proper 570 
cellular expression pattern of CYCB1;228. 571 

 572 

Flower and fruit number quantification 573 

Wild-type and ful-1 plants grew as described above. Total number of fully elongated fruits produced 574 
by the main inflorescence and flowers in stages 12-15 simultaneously present at each time point 575 
were quantified for at least ten plants of each genotype. Plants showing health problems or delayed 576 
growth were discarded. Quantification was carried out every week from 2 to 7 wab for both 577 
genotypes. 578 

 579 

Reactivation and hormonal treatments 580 

For reactivation of arrested shoot apices, the rosette-leaf and cauline-leaf branches were cut and all 581 
the fruits in the main stem were removed. The lines used for these treatments (wild-type, TCSn:GFP-582 
ER, WUSpro:eGFP-WUS and CYCB1;2pro:Dbox-GFP) grew at the conditions mentioned above. For 583 
each reactivation assay, 10-15 plants of each genotype were used.  584 



 17 

After optimization of CK treatments (N6-benzylaminopurine, BAP; Duchefa-Biochemie) (Figure S3), 585 
a concentration of 100 µM was used. The BAP stock was prepared in 50 mM NaOH with a final 586 

concentration of 50 mM. BAP solution (100 µM BAP, 100 µM NaOH, 0.05% Tween-20) was applied 587 

directly to the shoot apices by spraying. Mock solution (100 µM NaOH, 0.05% Tween-20) was used 588 
to spray control shoot apices. For continuous BAP treatment (assay of proliferative arrest delay), 589 
active apices of 21 TCSn:GFP-ER plants were sprayed from 2 wab and every 3 days with BAP or 590 
mock solution. For the BAP-mediated reactivation assay, arrested apices (4 wab) of 21 plants 591 
TCSn:GFP-ER plants were treated with BAP or mock. Quantification of the number of fruits produced 592 
by the main stem of BAP and mock-treated plants was carried out as described above.  593 

 594 

Confocal microscopy and image analysis 595 

Live imaging analyses were performed on a Zeiss LSM780 confocal microscope (Zeiss, Germany) 596 
using a water-dipping 40X objective. Reproductive shoot apices were imaged under water on MS 597 
medium plates, and with the stem (length ~4 mm) embedded in the MS medium. To allow a proper 598 
exposition of the shoot apex during live imaging, all flower buds were carefully removed with clean 599 
tweezers and a fine needle. After dissection, the cell membrane was stained by incubating the 600 
dissected apices in FM4-64 (30 μg/mL; Invitrogen) for 15 minutes prior to image. GFP was imaged 601 
using an argon laser emitting at the wavelength of 488 nm together with a 499-527 nm collection. To 602 
image FM4-64 a DPSS 561-10 laser emitting at 561 nm was used together with a 666-759 nm 603 
collection. GFP/FM4-64 combination was imaged using the conditions mentioned for each channel 604 
and sequential scanning in line-scan mode with a MBS 488/561 filter. Z-stacks were acquired with a 605 
resolution of 8 or 12-bit depth, section spacing of 0.5-0.8 mm and line averaging of 2. At least two 606 
experiments were conducted by transgenic line (TCSn:GFP-ER, WUSpro:eGFP-WUS, 607 
CYCB1;2pro:Dbox-GFP, TCSn:GFP-ER_ful-1, WUSpro:eGFP-WUS_ful-1 and CYCB1;2pro:Dbox-608 
GFP_ful-1) where more than five shoot apical meristems were observed. GFP gain was set up 609 
equally for all the samples analyzed for each time course. Finally, the acquired z-stacks from the 610 
confocal microscope were analyzed using Fiji Image J64 (https://fiji.sc/) to obtain maximum intensity 611 
projections images and optical sections. Brightness was only modified for the proper visualization of 612 
CYCB1;2pro:Dbox-GFP-expressing cells. GFP fluorescence intensity (signal heat-map) was also 613 
measured in Fiji. 614 

 615 

2.5D segmentation analysis 616 

Cell area, cell number and SAM area of wild-type (2-5 wab, and 1 and 2 wap) and ful-1 (2-7 wab) 617 
shoot meristems were quantified using the MorphoGraphX (MGX) software26 618 
(https://morphographx.org/). SAM z-stacks were acquired with a z-step of 0.5 mm and converted to 619 
TIF files with Fiji. The surface of the SAM was extracted and subdivided, and the FM4-64 signal of 620 
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the cell membrane from the L1 cells was projected onto the mesh created. The 2D curved image 621 
generated was segmented into cells using automatic seeding and watershed segmentation (radius 622 
of 2 μm). Then, cells were manually corrected. To detect the boundaries between the meristem and 623 
the developing primordia, the geometry of the surface layer was shown as Gaussian curvatures 624 
(neighboring radius of 10 μm). Primordia delimited by cells with negative Gaussian curvature values 625 
were manually removed, as well as cells at the boundaries (see Figure S1). Finally, the area heat-626 
maps of the segmented meristem regions were generated. 627 

 628 

Quantification and statistical analysis 629 

All statistical analyses were performed using Microsoft Excel software. Significance of data 630 
represented in Figures 1-3, 5, 6 and S3 was determined by two-tailed Student’s t test. 631 
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Supplemental information 915 
 916 

 917 
 918 
 919 
Figure S1. 2.5D Segmented surface projection of a shoot apex. Related to Figure 1. (A) 920 
Gaussian curvature allows to delimit the primordia that have grown out from the meristem region 921 
(cells with negative values mark the meristem-primordia boundaries). (B) Meristem region isolation 922 
after discarding the primordia. For convenience, we considered that a primordium has grown out 923 
from the meristem when the boundary is completely filled by blue cells. (C) Cell area heat-map 924 
extracted after segmentation. Cell membranes were stained with FM4-64 (gray) to allow 925 
segmentation. Scale bar represents 20 µm.  926 
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 949 
 950 
 951 
Figure S2. Correlation between cell divisions and cell area. Related to Figure 2. (A, D) Cell 952 
area heat-map of an active (A; 2 wab) and a reactivated SAM (D; 1 wap) of CYCB1;2pro:Dbox-GFP 953 
expressing plants. Cell membrane staining with FM4-64 (gray) allowed segmentation. (B, E) 954 
Expression of CYCB1;2pro:Dbox-GFP (yellow) in the same SAMs shown in A and D. (C, F) 955 
Combination of the cell area heat-map and the CYCB1;2-GFP channel (yellow) to identify the 956 
epidermal dividing cells along the heat-map mesh. The yellow dashed line outlines primordia and 957 
meristem. The white dashed line marks epidermal dividing cells. White asterisks mark dividing cells 958 
in the boundaries, yellow asterisks represent dividing cells in primordia and black asterisks point to 959 
dividing cells in incipient primordia. Pn, flower primordia that have grown out from the meristem; In, 960 
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incipient primordia (assigned by position). Scale bar represents 20 µm. (G) Data plotted in Figure 961 
2L. 962 
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 996 
 997 

Figure S3. TCSn expression at the meristem-primordia boundaries. Related to Figures 2 and 998 
3, and STAR Methods. (A, B) Cross (A) and longitudinal sections (B) of a shoot apex showing 999 
TCSn:GFP-ER intensity distribution (magenta) 2 wab. (C, D) Corresponding magnified images of 1000 
the boundaries marked by the dashed squares in A and B. Cell membranes were highlighted using 1001 
FM4-64 staining (gray). Brightness was slightly increased in the GFP channel by Fiji to visualize 1002 
TCSn expression at the boundaries. (E-I) Optimization of CK treatment. Shoot apices 2 weeks after 1003 
mock treatment (E; arrested) or treatment with 10 (F; arrested), 100 (G; active) or 500 µM (H; active) 1004 
N6-benzylaminopurine (BAP). Inflorescences were treated every 3 days from 2 wab.  (I) 1005 
Quantification of fruits produced by shoot apices of BAP (10, 100 or 500 µM) and mock-treated plants 1006 
2 weeks after treatment (or 4 wab). Data are shown as mean ± SD of 20 biological replicates treated 1007 
with BAP or mock. Asterisks indicate a significant difference (P < 0.001) from the corresponding 1008 
mock plants according to two-tailed Student’s t test. Scale bars represent 20 µm (A-D) and 0.5 mm 1009 
(E-H). 1010 
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 1025 
 1026 
 1027 
Figure S4. WUS expression is repressed a few days before proliferative arrest. Related to 1028 
Figure 4. (A, C) Confocal projections of the shoot apices showing WUSpro:eGFP-WUS expression 1029 
(magenta; signal intensity calibration bar) 6 (A), 5 (B) and 2 days before PA (C). (D, E, F) 1030 
Corresponding longitudinal sections marked by the dashed lines in A, B and C. Cell membranes 1031 
were highlighted using FM4-64 staining (gray). Green arrowheads point to low GFP-WUS signal in 1032 
the organizing center of the meristem. Images were acquired using a laser gain higher than the gain 1033 
used for the images shown in Figures 4 and 6 (1065-1080 instead of 950) to detect the very low 1034 
levels of GFP-WUS signal at these time points. Scale bars represent 20 µm. 1035 
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 1042 
 1043 
Figure S5. ful mutant plant at an advanced stage of the flowering period. Related to Figure 5. 1044 
The upper part of the main stem of ful plants 11 wab is shown. The shoot apex is shown in the 1045 
magnified image. Scale bar represents 1 mm. 1046 
 1047 

 1048 


