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Abstract
Plant organs have evolved into diverse shapes for specialized functions despite emerging as simple protrusions at the shoot apex. Cauline 
leaves serve as photosynthetic organs and protective structures for emerging floral buds. However, the growth patterns underlying this 
dual function remain unknown. Here, we investigate the developmental dynamics shaping Arabidopsis (Arabidopsis thaliana) cauline 
leaves underlying their functional diversification from other laminar organs. We show that cauline leaves display a significant delay 
in overall elongation compared with rosette leaves. Using live imaging, we reveal that their functional divergence hinges on early 
modulation of the timing of cell differentiation and cellular growth rates. In contrast to rosette leaves and sepals, cell differentiation 
is delayed in cauline leaves, fostering extended proliferation, prolonged morphogenetic activity, and growth redistribution within the 
organ. Notably, cauline leaf growth is transiently suppressed during the early stages, keeping the leaf small and unfolded during the 
initiation of the first flowers. Our findings highlight the unique developmental timing of cauline leaves, underlying their shift from an 
early protective role to a later photosynthetic function.
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Introduction
Plant lateral organs, such as leaves and flowers, exhibit an incred
ible diversity of shapes that evolved to ensure their specialized 
functions and to adapt to their environment. For instance, leaves 
of different species range from simple to compound with marginal 
protrusions of varying sizes and shapes (Fukushima and Hasebe 
2014; Vlad et al. 2014). Leaf diversity may also be observed within 
individual plants as leaf morphology changes during overall plant 
development—a process called heteroblasty (Nikovics et al. 2006; 
Yu et al. 2015; Maugarny-Calès and Laufs 2018; Tang et al. 2023; 
Li et al. 2024). Furthermore, other laminar organs, such as sepals 
and petals, differ greatly from leaves in their forms and sizes de
spite deriving from a leaf-like ancestral structure (Bowman et al. 
1991; Honma and Goto 2001; Pelaz et al. 2001).

Regardless of their diversity at maturity, all aerial organs are 
initiated as simple protrusions at the shoot apical meristem 
(Hervieux et al. 2016; Echevin et al. 2019; Burian et al. 2022; 
Silveira et al. 2022). All of them are also suggested to follow a com
mon developmental program after initiation (Burko and Ori 2013; 
Runions et al. 2017; Whitewoods et al. 2020; Challa et al. 2021). For 
instance, studies on leaf diversification revealed common growth 
behaviors at the global and local scales in both simple and com
pound leaves (Ori et al. 2007; Kierzkowski et al. 2019). Early quan
titative alterations of this shared developmental mechanism are 
believed to account for the strong differences in final leaf shapes 
(Kierzkowski et al. 2019; Whitewoods et al. 2020; Wang et al. 
2022). How this common program is fine-tuned to achieve specific 

shapes at maturity is still unclear, but involves precise molecular 
tuning of patterning, growth, and differentiation (Sablowski 2015; 
Kierzkowski et al. 2019; Hamant and Saunders 2020; Whitewoods 
et al. 2020; Tang et al. 2023).

Current evidence suggests that the balance between prolifera
tive growth and differentiation is essential in determining the ge
ometry of laminar organs. For instance, the rate of margin 
differentiation plays a significant role in shaping leaf forms, 
with delayed differentiation enabling extended patterning 
and greater leaf complexity (Donnelly et al. 1999; Shani et al. 
2010; Bar and Ori 2014; Vuolo et al. 2018; Kierzkowski et al. 
2019). Local auxin maxima at the margin, facilitated by the 
PIN-FORMED1 (PIN1) auxin transporter, lead to the formation of 
protrusions such as serrations or leaflets. However, only undiffer
entiated cells at the leaf margin are competent to generate auxin 
maxima and respond to auxin by locally increasing and reorient
ing growth (Ori et al. 2007; Barkoulas et al. 2008; Bilsborough et al. 
2011; Kasprzewska et al. 2015; Ben-Gera et al. 2016; Kierzkowski 
et al. 2019).

Auxin distribution at the margin has also been suggested to act 
globally by coordinating cellular growth orientations (i.e. growth 
anisotropy). In leaves, a distal auxin maximum correlates with 
global growth orientations converging toward the leaf tip, likely 
underlying organ shape tapering toward the tip (Jaeger et al. 
2008; Kuchen et al. 2012). Conversely, petals exhibit a broader pat
tern of auxin distribution at the margin, which likely leads to the 
diverging growth anisotropy underlying its distally broadening 
shape (Green et al. 2010; Lampugnani et al. 2013; Sauret-Güeto 
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et al. 2013). Thus, auxin plays a critical role in guiding organ for
mation, although the extent to which it operates locally or glob
ally is still a matter of debate (Bilsborough et al. 2011; Kuchen 
et al. 2012; Kierzkowski et al. 2019; Whitewoods et al. 2020).

Understanding how plant organs acquire their shapes is essen
tial in the context of their specific functions. For instance, in 
Arabidopsis (Arabidopsis thaliana), rosette leaves are large organs 
optimized for photosynthesis, while sepals are small, protecting 
the internal floral organs during their development (Roeder et al. 
2010; Rodriguez et al. 2014; Bielczynski et al. 2017). Cauline leaves 
are the last few leaves initiated during the meristem transition 
from the vegetative to the reproductive phase. On one hand, 
they are efficient photosynthetic organs, contributing to the 
plant’s overall energy production (Su et al. 2011). However, they 
also serve as protective structures for emerging floral buds during 
early bolting stages (Ding et al. 2023; Pabõn-Mora et al. 2013). This 
suggests that the development of these leaves might exhibit char
acteristics of both rosette leaves and laminar organs of the flower 
such as sepals (Hempel and Feldman 1994; Yang and Jiao 2016). 
Indeed, when floral identity genes are ectopically expressed in 
Arabidopsis, cauline leaves convert into petal-like organs, while ro
sette leaf development is unaffected (Krizek and Meyerowitz 1996; 
Pelaz et al. 2001). Despite these intriguing features, our under
standing of the developmental dynamics of cauline leaves re
mains unknown.

Here, we characterize the developmental trajectories contribu
ting to the formation of cauline leaves underlying their functional 
diversification from rosette leaves and sepals in the model species 
A. thaliana. We show that cauline leaves display a strong delay in 
overall elongation compared with rosette leaves. Through quanti
tative live imaging, we demonstrate that cauline leaf functional 
divergence mainly relies on the early modulation of two key com
ponents: (i) the rate and distribution of cellular growth, and (ii) 
the timing of cell differentiation. In contrast to rosette leaves and 
sepals, cell differentiation is strongly delayed in the cauline leaf, al
lowing extended cell proliferation in the leaf blade, prolonged mor
phogenetic activity at the margin, and growth redistribution within 
the developing organ. Importantly, cauline leaf growth is transi
ently suppressed at very early developmental stages, allowing the 
leaf to stay small and unfolded during the initiation of the first flow
ers. Overall, our results demonstrate the unique developmental 
trajectory of the cauline leaf that underlies the transition from its 
early protective role to the late photosynthetic function.

Results
Elongation and unfolding of the cauline leaves are 
delayed compared with rosette leaves
Cauline leaves exhibit both vegetative and floral features, as they 
are initiated from the reproductive meristem (Hempel and 
Feldman 1994; Pastore et al. 2011). In contrast to rosette leaves, 
which have petioles for optimizing light capture, cauline leaves 
lack petioles but efficiently perform photosynthesis as they are lo
cated on the stem, so have direct access to light without being in the 
shade of other leaves (Fig. 1A and B) (Ding et al. 2023). While at early 
developmental stages, all leaves protect fragile meristems, cauline 
leaves have been suggested to serve this function in an analogous 
way to sepals, which shield developing internal organs of flowers 
for an extended period (Fig. 1C) (Pabõn-Mora et al. 2013; Ding 
et al. 2023). The presence of abaxial trichomes on cauline leaves 
reinforces their protective function (Fig. 1C) (Karabourniotis et al. 
2020; Berhin et al. 2021).

We supposed that the dual role of cauline leaves could be re
flected in their growth dynamics. Therefore, we characterized 
the overall elongation of cauline leaves throughout their develop
ment and compared them with first rosette leaves and sepals. We 
derived two different measures of organ growth. The absolute elon
gation rate (in millimeter per day) simply reflects the increment of 
organ length over time (Fig. 1E). The relative elongation rate (in per
cent per day) shows how fast the organ elongates in proportion to 
its previous length (Fig. 1F). While the absolute elongation rate 
is more intuitive than the relative rate, the second measures 
growth independently from organ size and reflects better cell 
wall expansion.

The length of first rosette leaves evolved over time following 
a characteristic sigmoid shape (Fig. 1D), consistent with pre
vious studies on leaf elongation (Cookson and Granier 2006; 
Massonnet et al. 2010; Baerenfaller et al. 2015). The speed at which 
the first leaf elongated peaked at 9 d after initiation [absolute 
growth rate (AGR); 1.8 mm per day ± 0.5 SE at 9 DAI] (Fig. 1E). 
This peak corresponded to the middle of the sigmoid curve 
when the first leaf reached about half its final size and experi
enced a linear growth phase (Fig. 1D). Splitting our leaf measure
ments into petiole and blade length (Supplementary Fig. S1) 
showed that they followed slightly different sigmoid functions, 
with the peak of absolute elongation occurring faster in the blade 
(at 8 DAI) than in the petiole (at 11 DAI), which grew slower but for 
a longer time (Supplementary Fig. S1A). In contrast with the meas
urements of absolute elongation, the relative elongation rate was 
maximal on the very first days after leaf initiation and decreased 
rapidly afterward, reaching around 20% per day at 9DAI (Fig. 1F
and Supplementary Fig. S1C). This fast decrease confirmed 
previous studies on rosette leaves (Kierzkowski et al. 2019; Le 
Gloanec et al. 2022; Harline and Roeder 2023).

Growth dynamics in sepals showed similarities with the first ro
sette leaves, with maximal values of relative elongation rate in the 
days just after initiation, followed by a fast decrease (Fig. 1F). 
Sepals experienced their peak of absolute elongation at 9 DAI, like 
the first leaves, although with a much lower rate (0.42 mm per day 
± 0.09 SE) (Fig. 1E), which explains the smaller length of sepals at ma
turity (2.6 mm ± 0.2 SE). Ultimately, the low peak of absolute elonga
tion in sepals is due to the slower relative elongation before 9 DAI, 
preventing the sepals from accumulating length early on (Fig. 1D).

Curiously, cauline leaves displayed a very different growth tra
jectory. Cauline leaves maintained a smaller size than sepals until 
13 DAI (Fig. 1D), due to a very low absolute elongation rate (Fig. 1E). 
This was caused by a sharp decrease in relative elongation just 
after initiation and maintenance of a low relative growth rate 
(RGR) (around 25% per day) between 4 and 12 DAI (Fig. 1F). The 
first leaves and sepals reached their final size around 13 DAI, at 
which point they ceased growing both in absolute and relative 
terms. By contrast, around 13 DAI, the cauline leaf increased its 
growth rates, reaching a peak in relative elongation rate at 15 
DAI (35% per day ± 5 SE), followed by a peak in absolute elongation 
at 19 DAI. This late growth acceleration compensated for early 
slow growth, allowing cauline leaves to reach the size of the first 
rosette leaves by 21 DAI (Fig. 1D).

This transition in growth dynamics may reflect the dual func
tion of the cauline leaf, starting with an early protective role fol
lowed by the acquisition of photosynthetic competency. If this is 
true, the geometry of the cauline leaves at early developmental 
stages should resemble that observed in sepal. To test this hy
pothesis, we monitored the early primordia development using 
time-lapse imaging starting from two days after initiation, when 
all of them have comparable shape and size (refer to the 
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“Materials and methods” section for details) (Fig. 1, G to I). While 
the sepal remained curved over the floral bud (Fig. 1I), the first ro
sette leaf began unfolding around 4 DAI (Fig. 1G), at the same time 
as its absolute elongation rate started to increase (Fig. 1E). The 
cauline leaf remained curled toward the floral bud until 12 to 13 
DAI (Fig. 1H), which also coincides with the onset of its faster ab
solute elongation (Fig. 1E). At their early stages of development, 
both the first rosette leaf and the cauline leaf could protect their 
respective meristems. Both organs change their curvature and po
tentially capture light once entering their fast phase of absolute 

elongation. The delayed peak of the absolute elongation rate for 
the cauline leaf could help maintain its protective role for an ex
tended period.

Cauline leaves display two successive waves of 
growth at the cellular scale
We have shown that, similarly to the sepals, in the few days after 
initiation cauline leaves display slower relative elongation rates 
than rosette leaves. Subsequently, the relative elongation of cauline 

Figure 1. Elongation and unfolding of cauline leaves are delayed compared with rosette leaves. A) Four-week-old Arabidopsis thaliana plant. Cauline 
leaves are indicated by white arrowheads. B) First rosette leaf (left), cauline leaves (middle), and sepal (right) at maturity. Inset: close-up view of the 
sepal. Images were digitally extracted for comparison. C) Cauline leaves (colored in green) cover the inflorescence meristem and developing floral buds 
(red arrow). Star indicates the removed cauline leaf to uncover the initiating flowers. Note the high density of trichomes on the abaxial surface. D) Organ 
length plotted against time from initiation to maturity. Points represent independent measurement (n = 4 to 21). E) Organ absolute elongation rate. 
F) Organ relative elongation rate, showing a clear resurgence of growth in the cauline leaf at later stages. D to F) The gray line indicates the time of peak 
absolute growth rate for the first rosette leaf and the sepal, at 9 DAI. G to I) Digital, longitudinal sections located in the medial part of the developing first 
rosette leaf G), cauline leaf H), and sepal I). Abaxial sides of each organ (shown in green) is oriented toward the left side of each series. DAI indicates days 
after primordium initiation. Scale bars: 1 mm in B and C and 100 µm in G to I. See also Supplementary Fig. S1.
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leaves accelerates (Fig. 1F), allowing them to catch up in size with 
rosette leaves (Fig. 1D). To further understand this divergence at 
the cellular scale, we used our confocal time-lapse imaging pipeline 
to compute cell area expansion and cell elongation (in relative 
terms) along the proximodistal and mediolateral organ axes for 
each cell in the abaxial epidermis using the MorphoGraphX soft
ware (Strauss et al. 2022).

Just after initiation (2 to 3 DAI), relative cellular growth in all 
organs was fast, with the highest growth rates registered in 
the abaxial epidermis of the first rosette leaf (Fig. 2A to D; 
Supplementary Fig. S2). In the cauline leaf and sepal, cells located 
at the organ tip grew the fastest, while at this stage, cellular 
growth rates were more homogeneous in the first rosette leaf 
(Fig. 2). From 3 to 7 DAI, we have observed a progressive decrease 
in growth rates in all organs (Fig. 2A to E). During this phase, a 
clear basipetal (from tip to base) gradient of growth was estab
lished both in the first rosette leaf and sepal (Fig. 2A, B, D, and E; 
Supplementary Fig. S2A, C, D, and F), while in the cauline leaf, cel
lular growth became very low and homogenous all over the abax
ial epidermis (Fig. 2C to E; Supplementary Fig. S2B and E). After 
6 DAI, the growth rate further decreased in the first rosette leaf 
and sepal (Fig. 2A, B, D, and E). By contrast, after a period of min
imal growth, the cauline leaf slightly accelerated its cellular ex
pansion from around 8 DAI (Fig. 2C and D). Interestingly, cells 
located at the tip of this leaf were the first to increase their growth 
rate, especially along the longitudinal axis of the organ (Fig. 2C to 
E; Supplementary Fig. S2B and E). A typical basipetal growth gra
dient started to be visible in the cauline leaf only from around 
11 DAI when cells at the leaf tip stopped expanding (Fig. 2C to E; 
Supplementary Fig. S2B and E). Overall, these results show that 
the growth rates of abaxial epidermal cells at early developmental 
stages of the cauline leaf are much slower than in the rosette 
leaves. As a result of this early decrease in growth, the cauline 
leaf transiently maintains a size in the range observed for sepals. 
Remarkably, while rosette leaves and sepals progressively slow 
down growth over their development, the cauline leaf increases 
its growth at later stages. Thus, two successive waves of growth 
in the cauline leaf seem to enable its dual function.

Cauline leaf epidermis maintains cell divisions 
during the early and late growth phases
During aerial organ morphogenesis, cells located in fast-growing 
tissues usually divide more frequently compared with slow- 
growing areas (Andriankaja et al. 2012; Fox et al. 2018; Zhang 
et al. 2020; Le Gloanec et al. 2022; Harline and Roeder 2023). The 
basipetal growth decrease in both the first rosette leaf and sepal 
strongly correlated with the decrease of cell divisions from the or
gan tip to the base (Figs. 2A, B and 3A, C). In both organs, cell pro
liferation activity was first very intensive but quickly decreased at 
later stages (8 DAI), consistent with a progressive slowdown of 
growth (Figs. 2A, B, D and 3A, C, D, and F). By contrast, the cauline 
leaf epidermis retained its cell proliferative activity until at least 
13 DAI, correlating with its prolonged growth phase (Figs. 2C, D
and 3B, E). Surprisingly, cell divisions were also maintained in 
the cauline leaf during the transition through its phase of slow 
growth between 4 and 7 DAI (Figs. 2C, D and 3B, E). Cell divisions 
and differentiation are intricately linked, and a delay in differen
tiation often leads to prolonged proliferative activity (Vuolo et al. 
2018; Werner et al. 2021; Wu et al. 2021; Gómez-Felipe et al. 2024; 
Li et al. 2024). This trait of the maintenance of cell division may 
suggest that cells in the cauline leaf differentiate later than those 
in sepals and rosette leaves.

Cell differentiation is delayed in the cauline leaf
To verify if cell differentiation is indeed delayed in the cauline 
leaf, we measured morphological markers of epidermal cell differ
entiation status such as cell size, stomata distribution, and 
pavement cell lobeyness (a measure of cell shape complexity; 
Andriankaja et al. 2012; Rodriguez et al. 2014; Sapala et al. 2018; 
Le Gloanec et al. 2022). The abaxial epidermis of first rosette leaves 
and sepals at 8 DAI consisted of big cells, which often developed 
extensive lobeyness in the leaf blade and margin or distal region 
of the sepal (Fig. 4A to C; Supplementary Fig. S3). At this stage, sto
mata were already present all over the blade of the first rosette leaf 
and the entire abaxial epidermis of the sepal (Fig. 4D, F, and G). By 
contrast, the cauline leaf epidermis, including the leaf margin, was 
mostly composed of small isodiametric cells. Only a few cells lo
cated at the tip of the first rosette leaf started to increase their 
size and became lobey (Fig. 4A to C; Supplementary Fig. S3). 
Occasionally, some individual stomata could be found in the distal 
region (Fig. 4E and G), indicating that, at this stage, the cauline leaf is 
mostly undifferentiated and non-photosynthetic. Stomata spread 
basipetally through the epidermis only at later stages (from 10 to 
13 DAI), suggesting a delay in the establishment of photosynthetic 
activity in this organ (Fig. 4E). Thus, organ differentiation progresses 
much faster in both the first rosette leaf and sepal while it is mark
edly delayed in the cauline leaf.

Growth is redistributed in the cauline leaf
During early development, cauline leaves display a strong delay in 
cell differentiation compared with the sepals and rosette leaves of 
the same size (Fig. 4 and Supplementary Fig. S3). This delay may 
lead to an increased contribution of the cells localized at the tip 
of the early primordium to the final surface of the cauline leaf. 
Such redistribution of growth, caused by the delay of organ differ
entiation, has been shown to underlie the development of leaf 
complexity in Brassicaceae (Kierzkowski et al. 2019).

To evaluate this possibility, we computed epidermal clonal lin
eages that developed from cells in early primordia (2 DAI) until all 
organs reached comparable sizes of around 700 µm (Fig. 5A to C; 
Supplementary Fig. S4). Already at this early developmental peri
od, the first rosette leaf displayed smaller clones at the tip, with 
the marginal cells often stemming from a single cell. By contrast, 
the basal area grew very fast, producing elongated sectors contri
buting to over 35% of the organ length at the comparable size of 
around 700 µm (Fig. 5D, G, and J; Supplementary Fig. S4A, B, and 
G). Conversely, cells located at the distal region of the early pri
mordium of the cauline leaf grew the fastest and increased their 
size substantially compared with those at the base (Fig. 5E, H, 
and K; Supplementary S4B and E). The contribution of the distal 
20% of the primordium surface at 2 DAI increased to around 
35% of the total organ surface at 10 DAI (Fig. 5E; Supplementary 
Fig. S4H). In this respect, the sepal resembled the first rosette 
leaf, showcasing a greater contribution from basal cells and 
smaller clones at the tip (Fig. 5F, I, and L; Supplementary Fig. 
S4C, F, and I).

Interestingly, the growth anisotropy of the clones in the upper 
half of the first rosette leaf tended to converge toward its tip 
(Fig. 5M). On the other hand, sectors in the cauline leaf tended 
to diverge from the main axis of the organ, pointing toward the 
distal edges of the leaf (Fig. 5N). To a lesser extent, we also ob
served divergent growth polarities in the sepal, but these sectors 
were smaller than those in the cauline leaf as they differentiated 
and ceased their growth early (Fig. 5M). This divergent growth 
anisotropy of clones in the cauline leaf may result from the 
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maintained morphogenetic activity of its non-differentiated mar
gin, which could act to reorient growth, as previously observed in 
the petal (Lampugnani et al. 2013; Sauret-Güeto et al. 2013).

Auxin patterning mirrors the differential 
development of the cauline leaf
Auxin is a key regulator of cell growth and differentiation 
(Benková et al. 2003; Ding and Friml 2010; Di Mambro et al. 

2017; Kierzkowski et al. 2019). For instance, auxin maxima at 
the margin of the leaf and petal are known to locally coordinate 
cellular growth rates and anisotropy (Barkoulas et al. 2008; 
Sauret-Güeto et al. 2013; Fox et al. 2018; Kierzkowski et al. 
2019; Zhang et al. 2020). To investigate if auxin patterning could 
underlie the differential growth observed in cauline leaves, we 
first monitored auxin responsiveness during organ development 
using the DR5v2 reporter (Liao et al. 2015). At early stages 
(∼2 DAI), epidermal DR5v2 signal was detected mainly at the 

Figure 2. Cauline leaf displays two successive waves of growth. A to C) Heat maps of area expansion for the Arabidopsis thaliana first rosette leaf A), sepal 
B), and cauline leaf C). Heat maps generated between two consecutive time points are displayed on the digitally extracted organ surface at the later time 
point. D) Quantifications of area expansion for observed laminar organs. Violin plots and boxplots represent 90% of the values; dashed lines represent 
mean, black dots median, boxes interquartile range, and whiskers 90% of data (n = 810 to 5,827 cells, three independent time-lapse series). E) 
Quantifications of area expansion along the proximodistal axis of the first rosette leaf (left), sepal (middle), and cauline leaf (right). Ribbon plots display 
the normalized distance; the mean is represented by a line, standard deviation by the shaded area (n = 58 to 2,626 cells, based on time-lapse series 
shown in A to C). DAI indicates days after primordium initiation. Scale bars: 100 µm. See also Supplementary Fig. S2.
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tip of the first rosette leaf, and this localization was largely main
tained at 4 DAI (Fig. 6A). At later stages (∼6 DAI), the DR5v2 signal 
started to expand basally throughout the abaxial epidermis of 
the first rosette leaf (Fig. 6A). Interestingly, after the initial tip lo
calization at 2 DAI, DR5v2 signal extended along the distal edges 
of the cauline leaf but did not spread throughout the leaf blade at 
later stages (Fig. 6B). In contrast to both types of leaves, DR5v2 
domain was broader in the distal margin of the sepal from its ini
tiation (Fig. 6C). Like in the cauline leaf, auxin responsiveness 
was strong in the sepal margin but also spread through the sepal 
epidermis as in the first rosette leaf (Fig. 6C). A broad marginal 
distribution of the DR5v2 signal along the margins correlated 
with divergent growth anisotropy of the clones in both sepals 
and cauline leaves (Fig. 5). This suggests that auxin accumula
tion in this domain could locally reorient the growth away from 

the organ tip as previously observed in petals (Lampugnani et al. 
2013; Sauret-Güeto et al. 2013). However, this effect was weaker 
in sepal as its tip quickly differentiated and stopped growing 
(Figs. 2B and 4A to C, F, and G).

Auxin distribution throughout the tissue is mainly regulated by 
auxin efflux carriers from the PINFORMED (PIN) family. Therefore, 
we next monitored the distribution patterns of the GFP fusion 
lines of PIN1, PIN3, and PIN7, which are known to be involved in 
leaf development (Barkoulas et al. 2008; Guenot et al. 2012; 
Abley et al. 2016; Mansfield et al. 2018). At early stages (1-2 DAI), 
PIN1 was present throughout the epidermis of all three organs 
(Fig. 6D to F). This PIN1 expression was quickly eliminated from 
the epidermis of the first rosette leaf at around 4 DAI and was 
restricted to the organ margin in the sepal (Fig. 6D and F). 
Interestingly, PIN1 signal persisted throughout abaxial epidermis 

Figure 3. Cauline leaf maintains cell divisions during early and late growth phases. A to C) Heat maps of cell divisions for the Arabidopsis thaliana first 
rosette leaf A), cauline leaf B), and sepal C). Heat maps generated between two consecutive time points are displayed on the digitally extracted organ 
surface at the later time point. D to F) Quantifications of cell divisions in first rosette leaf D), cauline leaf E), and sepal F). Bar plots represent the relative 
proportion of cell divisions, normalized by the total number of cells (n = 812 to 5,828 cells, three independent time-lapse series). DAI indicates days after 
primordium initiation. Scale bars: 100 µm.
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Figure 4. Cell differentiation is delayed in the cauline leaf. A) Heat maps of cell size in the first rosette leaf (left), cauline leaf (top), and sepal (bottom) at 
8 DAI. B) Heat maps of cell lobeyness in the first rosette leaf (left), cauline leaf (top), and sepal (bottom) at 8 DAI. Heat maps are displayed on the digitally 
extracted organ surface. C) Geometries of representative cells located at the distal margin of the first rosette leaf (left), cauline leaf (middle), and sepal 
(right) at 8 DAI. D to F) Stomata distribution in the first rosette leaf D), cauline leaf E), and sepal F). Stomata marked in brown. G) Quantification of 
stomatal distribution as a function of the distance from the tip of the organ for the first rosette leaf (left), cauline leaf (middle), and sepal (right). Bar plots 
represent the number of stomata. (n = 1 to 189 stomata, based on the time-lapse series shown in D to F). DAI indicates days after primordium initiation. 
Scale bars: 100 µm. See also Supplementary Fig. S3.
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Figure 5. Growth is redistributed distally in the cauline leaf. A to C) Cell lineage tracing from 2 DAI to the indicated time point (n DAI) in the first rosette 
leaf A), cauline leaf B), and sepal C) of comparable size. Colors indicate clones developing from single cells at 2 DAI displayed on the digitally extracted 
organ surface at the indicated time point. D to F) Quantification of the contribution of the clones to the length of the organ at n DAI in the first rosette 
leaf D), cauline leaf E), and sepal F) of comparable size. G to I) Heat maps of cumulative area expansion (from 2 to n DAI) in the first rosette leaf G), 
cauline leaf H), and sepal I). Heat maps generated between the two indicated time points are displayed on the digitally extracted organ surface at the 
later time point. J to L) Quantification of the cumulative area expansion (from 2 to n DAI) in the first rosette leaf J), cauline leaf K), and sepal L). M to O) 
Heat maps of growth anisotropy in the first rosette leaf M), cauline leaf N), and sepal O) between 2 and n DAI (comparable size). Heat maps generated 
between the two indicated time points are displayed on the digitally extracted organ surface at the later time point. Stacked histogram represents the 
relative contribution of equal segments at 2 DAI to the organ length at n DAI in the samples show in A to C. Violin plots and boxplots represent 90% of 
the values; mean is indicated by a dashed line, median by a line, boxes represent interquartile ranges, and whiskers 95% of data (n = 3 to 7 clones, based 
on the sample shown in G to I). DAI indicates days after primordium initiation. Scale bars: 100 µm. See also Supplementary Fig. S4.
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of the cauline leaf until at least 6 DAI and later was still present in 
the proximal and lateral regions of the leaf coinciding with the in
itiation of the marginal serrations (Fig. 6E).

PIN3 was expressed at the tip of the first rosette leaf and sepal 
from 2 DAI, while it was absent at this stage in the cauline leaf 
(Fig. 6G to I). The PIN3 expression domain quickly (from 4 DAI) 

Figure 6. Auxin patterning mirrors the differential development of the cauline leaf. A to C) Expression patterns of pDR5v2::nls-3xVenus in the first 
rosette leaf A), cauline leaf B), and sepal C). D to F) Expression patterns of pPIN1::PIN1-GFP in the first rosette leaf D), cauline leaf E), and sepal F). G and H) 
Expression patterns of pPIN3::PIN3-GFP in the first rosette leaf G), cauline leaf H), and sepal I). J to L) Expression patterns of pPIN7::PIN7-GFP in the first 
rosette leaf J), cauline leaf K), and sepal L). Autofluorescence and TDT in red; Venus in yellow; GFP in green. Representative samples are shown (min. 3 
replicates for each time point). DAI indicates days after primordium initiation. M to P) Representative morphologies of approximatively 9/10-day-old 
cauline leaves treated for 7 d with mock M), 10 µM Indole-3-acetic acid (IAA) N), 10 µM Naphthalene acetic acid (NAA), O), or 10 µM 
N-1-naphthylphthalamic acid (NPA) P) solutions. Dotted lines show the profile of each leaf along its abaxial epidermis. Q) Quantification of the cauline 
leaf length attained after chemical treatments. Boxplots represent 99% of the values; dashed lines represent mean, lines median, box limits represent 
interquartile range, and whiskers contain 99th percentile of data (n = 97 leaves for mock, 110 for IAA, 90 for NAA, and 87 for NPA treatments). Significant 
differences are marked by star with P < 0.005. R) Curvature of the cauline leaves along the normalized leaf length for different treatments. Line 
represents the median curvature for each percentile, and shadow SD. DAI indicates days after primordium initiation. Scale bars: 100 µm.
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expanded basally through the epidermis of the first rosette leaf, 
while it was restricted to the margin of the cauline leaf (Fig. 6G 
and H). The sepal displayed an intermediate PIN3 expression pat
tern: first being restricted to the organ margin at 4 DAI, then later 
expanding throughout the abaxial epidermis at 6 DAI (Fig. 6I). 
Finally, PIN7 expression was absent at 2 DAI in all organs, and 
then quickly expanded through the epidermis of the first rosette 
leaf and sepal while it was only briefly detected in the medial 
and proximal regions of the cauline leaf at around 6 DAI (Fig. 6J 
to L). Altogether, we found striking differences in auxin patterning 
that could underlie the differential growth and differentiation 
patterns between these three laminar organs.

To test if the delay in auxin response in the leaf blade could 
underlie the specific developmental trajectory of cauline leaves, 
we sprayed their initiating primordia with exogenous auxins. 
Both indole-3 acetic acid (IAA) and naphthalene acetic acid 
(NAA) treatments accelerated the leaf development leading to 
the formation of significantly longer and less curled cauline leaves 
as compared with the mock treatment (Fig. 6M to O and Q, R). This 
is consistent with previous results, where auxin treatment accel
erated both cellular growth and differentiation in the adult leaf 
(Kierzkowski et al. 2019). This suggests that the delay in auxin 
spread through the cauline leaf may be the underlying factor in 
their slow initial growth.

Prolonged expression of PIN1 in the blade of the cauline leaf 
(Fig. 6E) could prevent early auxin accumulation in its abaxial epi
dermis (Fig. 6B), leading to slower growth and delaying differentia
tion in this organ as compared with rosette leaves. To further test 

this idea, we blocked the activity of PIN transporters using 
N-1-naphthylphthalamic acid (NPA) treatment during the early 
development of cauline leaves. Like auxin treatment, NPA also ac
celerated early leaf development, resulting in much larger and 
straighter cauline leaves as compared with the mock treatment 
(Fig. 6M, P and M to R). Altogether, these results suggest that 
PIN-mediated restriction of auxin spread through the organ epi
dermis may be the underlying cause of the early developmental 
delay observed in cauline leaves.

Discussion
In this study, we performed a detailed cell-level analysis of devel
opment in the cauline leaf and uncovered what sets it apart from 
other aerial organs, such as rosette leaves and sepals. We revealed 
that two main factors drive its functional distinction: (1) the tim
ing of cell differentiation and (2) the speed and distribution of cel
lular growth. More specifically, cauline leaves experience a strong 
delay in cell maturation (Figs. 3 and 7). Consequently, they display 
an extended period of proliferative activity and a global redistrib
ution in growth toward the more distal parts of the organ (Figs. 2, 
4, 5 and 7). Remarkably, cauline leaves undergo a transient phase 
of slow expansion followed by a resumption of rapid growth 
(Figs. 1 and 2).

Tuning cell differentiation is known to be critical for shaping 
plant organs (Efroni et al. 2010; Rodriguez et al. 2014; Alvarez 
et al. 2016). For example, delaying the transition from cell prolifer
ation to cell maturation by class I Knotted-like Homeobox (KNOXI) 

Figure 7. Quantitative modulation of growth and differentiation underlies cauline leaf development. Schematic representation of A. thaliana first 
rosette leaf, cauline leaf, and sepal shapes. Growth rates are depicted through blue-red gradients and differentiation rates by black-gray gradients, 
while the white color indicates the temporal distribution of auxin at specific developmental time points. All organs initiate as finger-shaped, 
fast-growing primordia that are curled toward meristems. In the first rosette leaf, growth and differentiation gradients are rapidly established, 
accompanied by auxin redistribution throughout the epidermis, and the leaf unfolds quickly. Growth and differentiation gradients in the sepal also 
rapidly progress; auxin is redistributed throughout the leaf margin and the epidermis, and the organ remains curled toward the flower. In contrast, the 
cauline leaf undergoes a transient slow-growing phase when cells remain undifferentiated, and auxin is retained at its distal margin. During this 
slow-growing phase, the cauline leaf stays curled toward the inflorescence. At late stages, growth rates increase again, gradients of growth and 
differentiation start to progress and the leaf unfolds. DAI indicates days after primordium initiation.
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genes has been shown to be a key component allowing the devel
opment of complex leaf shape (Hay and Tsiantis 2006; Barth et al. 
2009; Nakayama et al. 2014; Kierzkowski et al. 2019; Wang et al. 
2022). Interestingly, the expression of KNOXI genes leads to a re
distribution of growth within the organ, resulting in an increased 
contribution of distal organ regions to the final organ shapes 
(Kierzkowski et al. 2019). A similar mechanism has been observed 
in floral organs such as petals, where a broad distal region devel
ops only when cell differentiation is suppressed by the action 
of JAGGED (JAG), which downregulates cell cycle inhibitors 
(Schiessl et al. 2012). More broadly, the miR396-GEF module con
trols cell proliferation and differentiation, regulating growth re
distribution in eudicot species (Das Gupta and Nath 2015). The 
delay of cell differentiation in the cauline leaf also correlates 
with a greater contribution of its distal region to the organ surface 
(Fig. 5), supporting the idea that delaying cell differentiation may 
be a general mechanism for how plant organs change their 
proportions.

Interestingly, the transition from juvenile to adult phases in 
Arabidopsis leaves controlled by SQUAMOSA-promoter binding 
protein-like (SPL) genes has also been found to influence leaf mor
phology by delaying maturation while promoting growth and cell 
divisions in an age-dependent manner (Schwarz et al. 2008; Xu 
et al. 2016; He et al. 2018; Tang et al. 2023; Li et al. 2024). SPL9 
and SPL10 have been shown to target genes involved in cell cycle 
regulation, such as CYCLIN D3;3, and A2;3 (Tang et al. 2023; 
Li et al. 2024). As the cauline leaf marks the extremity of the het
eroblastic series, the regulation of SPLs may underlie the strong 
delay in cell maturation observed in this organ. Indeed, repression 
of SPL10 genes results in noticeable morphological changes in the 
cauline leaf, converting its shape toward the rosette leaf, includ
ing the development of a broader leaf blade (Shikata et al. 2009; 
Huijser and Schmid 2011).

Auxin is known to accelerate cell differentiation and growth in 
Arabidopsis rosette leaves (Challa et al. 2019; Kierzkowski et al. 
2019; Zhang et al. 2020). Here, we found that the progression of 
the overall cell differentiation correlates with a basipetal spread 
of auxin response through the abaxial epidermis and that this pro
gression was delayed in the cauline leaf as compared with the se
pal and first rosette leaf (Fig. 6). Supplying external auxin led to 
faster cauline leaf growth (Fig. 6) suggesting that restriction of 
auxin spread through the cauline leaf may be the underlying 
cause of its early developmental delay.

Early auxin response detected in the blade of the first rosette 
leaf and sepal correlated with the elimination of the PIN1 auxin ef
flux carrier from the abaxial epidermis that was quickly replaced 
by the basally progressing expression of PIN3 and PIN7 transport
ers (Fig. 6). By contrast, we observed a prolonged expression of 
PIN1, and the corresponding restriction of auxin response to the 
margin of the cauline leaf (Fig. 6). As in the case of auxin treat
ment, blocking the activity of auxin efflux carriers at early devel
opmental stages in the cauline leaf led to faster growth (Fig. 6) 
suggesting that PIN1 may be restricting auxin to the leaf margin 
in this organ. This data is consistent with recent results from 
the gynoecium where changes in PIN-mediated polar auxin trans
port were tightly correlated with the onset of cell differentiation in 
the style (Gómez-Felipe et al. 2024). Thus, modulation of active po
lar auxin transport may be broadly involved in controlling the ba
sipetal progression of cell differentiation through lateral organs in 
plants.

Our findings indicate that marginal cells in rosette leaves 
undergo early differentiation, while in the cauline leaf, cells re
main smaller and mainly undifferentiated (Fig. 4). PIN3 expression 

expanded during the early stages of the cauline leaf development 
and coincided with broad redistribution of DR5v2 signal through 
the distal margin (Fig. 6). Such PIN3-mediated auxin redistribution 
at the margin has been suggested to coordinate growth orienta
tions in the petal, leading to the creation of the divergent growth 
polarity in its distal end (Lampugnani et al. 2013; Sauret-Güeto 
et al. 2013). A similar mechanism seems to operate during the 
early development of the cauline leaf, where growth in the 
distal blade is oriented toward its margin (Fig. 5). However, such 
reorientation of growth in the cauline leaf and petal may occur 
only because of their general delay in cell differentiation in the ep
idermis. In sepals, despite the broad distribution of PIN3, higher 
accumulation of DR5v2 signal, and smaller cells at the margins, 
the early onset of basipetal gradient of differentiation in the epi
dermis quickly reduces the ability to reorient growth toward the 
margin.

Interestingly, both sepals and cauline leaves are bent toward 
the inside of the flower for a prolonged period and do not quickly 
unfold like rosette leaves (Fig. 1) (Smyth et al. 1990; Pabõn-Mora 
et al. 2013). The delay of differentiation combined with the distally 
localized growth in the early cauline leaf may help to prevent its 
early unfolding. While the mechanism underlying this change in 
curvature remains unclear, current evidence suggests that it 
likely involves differential growth between both organ surfaces 
(Zhao et al. 2020; Jiao et al. 2021; Yadav et al. 2023). Such growth 
asymmetry might be controlled by differential gene expression 
during the establishment of organ polarity. For instance, AUXIN 
RESPONSE FACTOR 3 (ARF3) also named ETTIN (ETT) marks the 
abaxial side of the incipient leaf primordia and was shown to reg
ulate the elongation of the valve tissue in the gynecium 
(Andres-Robin et al. 2018; Burian et al. 2022). Although the growth 
dynamics observed here in the abaxial epidermis clearly highlight 
major developmental differences between laminar organs, future 
studies should focus on further quantifying development in dif
ferent organ layers, including the adaxial epidermis, to uncover 
how laminar organ geometries and curvatures are tuned in space 
and time.

In contrast to rosette leaves, which exhibit a sigmoid growth 
curve influenced by leaf age (Cookson and Granier 2006; 
Baerenfaller et al. 2015), cauline leaves display a distinct pattern: 
an initial rapid decline in growth rates, followed by a surprising 
growth resumption (Figs. 1 and 2). Although the genetically in
duced delay of cell differentiation is known to cause a decrease 
in growth rates (Kierzkowski et al. 2019; Wang et al. 2022), the 
temporary slowdown in cell expansion followed by an accelera
tion of growth has never been documented during normal devel
opment of Arabidopsis leaves. However, such growth dynamics is 
characteristic for some floral organs, such as petals and filaments 
of the stamen (Smyth et al. 1990; Sauret-Güeto et al. 2013; Silveira 
et al. 2022). The genetic factors driving late-stage acceleration in 
growth remain unclear but phytohormones such as auxin, jasm
onate, and gibberellins are believed to be key players, especially 
in the growth resumption of the stamen (Nagpal et al. 2005; 
Reeves et al. 2012; Cecchetti et al. 2013; Huang et al. 2020; He 
et al. 2023). Given the genetic proximity between cauline leaves 
and floral organs (Krizek and Meyerowitz 1996; Pelaz et al. 2001), 
it would be interesting to investigate whether similar mechanisms 
govern cauline leaf development to help fulfill its dual function.

Finally, growth cessation also occurs during bud dormancy 
when the shoot apex inhibits axillary bud development—a phe
nomenon known as apical dominance (Junttila and Hänninen 
2012; Bredmose and Costes 2017). Cauline leaves are initiated 
before the onset of the dormancy of the axillary buds, thus 
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molecular signals controlling apical dominance and bud dor
mancy may also be involved in the transient partial inhibition of 
growth and subsequent growth resumption in these leaves 
(Rinne et al. 2011; Cooke et al. 2012; Liu et al. 2016; Salem et al. 
2018; Hao et al. 2019; Martignago et al. 2020).

Our quantitative study brings insights into the crucial role of 
temporal dynamics in orchestrating proper morphogenesis and 
functional maturation in laminar organs in plants. It provides a 
solid framework to investigate the molecular mechanisms under
lying the development of the cauline leaf, enabling its transition 
from protection to photosynthesis. Such an approach could offer 
a deeper understanding of how these organs, originating from a 
common ancestor, have evolved to fulfill distinct functional roles.

Materials and methods
Plant material and growth conditions
The following Arabidopsis (A. thaliana) transgenic lines were used 
in this study: pUBQ10::myr-YFP (Willis et al. 2016), pUBQ10::PM-TDT 
(Melnyk et al. 2015), pDR5v2::nls-3xVenus (Liao et al. 2015), pPIN1:: 
PIN1-GFP (Kierzkowski et al. 2013), pPIN3::PIN3-GFP (Žádníkova 
et al. 2010), and pPIN7::PIN7-GFP (Belteton et al. 2018). All 
lines are in the Col-0 background except for the DR5 reporter 
line, which is in the Columbia/Utrecht background. pDR5v2:: 
nls-3xVenus was crossed with pUBQ10::PM-TDT and observed in 
the 5th generation. Seeds were stratified in the dark for two days 
at 4°C to synchronize germination. Plants were grown on soil in 
a growth chamber under long-day conditions (16 h/8 h light/ 
dark period, 95 µmol m−2 s−1) at 22 ± 1°C with 60% to 70% relative 
humidity.

Chemical treatments
Thirteen-day-old Col-0 plants (grown on soil under long-day condi
tions as described above) were sprayed with 10 µM NAA, 10 µM N-1- 
NPA, or 10 µM IAA dissolved in water with 0.01% (v/v) Silwet-77, or 
mock solution, once time per day for seven consecutive days. 
Solutions were sprayed on the apex of each plant, with each plant 
receiving approximatively 0.7 to 0.8 ml of solution per day.

Organ-scale measurements
Plants cultivated under the above-described conditions were 
standardized by selecting individuals of comparable sizes. 
Organs at consecutive developmental stages were imaged with 
one-day intervals from 2 to 19-day-old plants for first rosette 
leaves, from 10 to 30-day-old plants for cauline leaves (up to two 
oldest and clearly distinguishable cauline leaves per sample— 
from first to third), and from 20 to 33-day-old-plant for abaxial se
pals. All images were acquired using a Keyence digital microscope 
model VHX-970F. The lengths of all organs were measured using 
FIJI following the abaxial surface from the base to the tip of the or
gan (Schinidelin et al. 2012).

For chemical treatments, the plants were dissected 7 to 8 d 
after the initial treatment (20 to 21 d old plants). All rosette 
leaves were removed, and the cauline leaves were imaged with 
the Keyence microscope. One or two oldest cauline leaves per 
plant were measured using the Segmented Line tool in FIJI 
(Schinidelin et al. 2012), by drawing a line from the base to the 
tip, following the curvature along the midvein on the leaf profile. 
The coordinates of this line were used to generate splines from 
which the curvature along the length was calculated. Curvature, 
κ, for a function y = f (x) is defined as κ = x′′y′−x′y′′

(x′2+y′2)
3/2, where prime′ in

dicates a derivative. Coordinates of generated splines were 

applied to this equation using the gradient function from Numpy 
to obtain curvatures and were normalized over leaf length.

Analysis of organ-scale growth
Measurements of organ length from the developing first rosette 
leaves, cauline leaves, and sepals were fitted to an analytical func
tion L(t). A sigmoid function L(t) = a

1+e(−c(t−b)) + d, where t is the time in 
days, was fitted to the measured length data from the rosette leaf, 
its blade and petiole (Fig. 1D; Supplementary Fig. S1) using optimi
ze.curve_fit from SciPy. The parameters in this sigmoid function 
describe the curve shape—a is the maximum value of the func
tion, b is the t value of the function’s midpoint, c is the steepness 
of the curve at its midpoint, and d is a constant offset. Splines were 
used to fit the length of the cauline leaf and sepal using 
interpolate.BSpline and interpolate.splerep with smoothing condition 
s = 0.1 from SciPy. AGR, defined as the first derivative over time 
of the fitted function L(t), was calculated using the gradient func
tion in NumPy (Fig. 1E). RGR in percent per day was defined as 

R(t) = 100 e(r(t)−1), where r(t) =
ln L(t)

L(t−Δt)

􏼐 􏼑

Δt , and was calculated from 
the fitted L(t) function (Fig. 1F).

Confocal time-lapse imaging
The pUBQ10::myr-YFP transgenic line was used in all time-lapse 
experiments to visualize cell outlines and quantify cell expansion, 
cell proliferation, cell differentiation, and cell lineages.

For cauline leaf, cotyledons and older leaf primordia were 
removed using fine tweezers or an injection needle from 
two-week-old plants to expose the initiating third cauline leaf 
primordium. The dissected plants were placed horizontally in 
Ø60 mm Petri dishes filled with ½ Murashige and Skoog (MS) me
dium, supplemented with 1.5% agar, 1% sucrose, and 0.1% Plant 
Protective Mixture (Plant Cell Technology). Plants were immersed 
in water containing 0.1% PPM for imaging. For each replicate, at 
least half of the abaxial leaf surface was imaged at 24 h intervals 
for up to 10 d. Between imaging, water was removed, and samples 
were cultured in vitro under standard long-day conditions in a 
growth chamber. The images shown in Figs. 2A, 3A, and 4D and 
Supplementary Figs. S2A, D, and S3A, D are derived from two in
dependent overlapping series (2 to 7 DAI and 8 to 13 DAI). 
Time-lapse imaging of juvenile leaves and sepals was previously 
described (Hervieux et al. 2016; Le Gloanec et al. 2022).

All confocal imaging was performed with an LSM800 upright 
confocal microscope using a long-distance water-dipping objec
tive (AP 40X/1.0; Zeiss). Excitation was performed using a diode la
ser with 488 nm for YFP, GFP, Venus, and 561 nm for TDT and 
autofluorescence. Images were collected at 500 to 550 nm for 
YFP, GFP, and Venus, 560 to 650 nm for TDT, and 600 to 700 nm 
for autofluorescence. Confocal stacks were acquired at 512 × 512 
resolution and 16-bit image depth, with 0.5 to 2 µm distance in 
Z-dimension. Imaging was performed with the same confocal set
tings for each fluorescence marker line. For samples larger than 
the field of view, multiple overlapping stacks were obtained and 
later stitched together using MorphoGraphX (Barbier de Reuille 
et al. 2015; Strauss et al. 2022).

Confocal image analysis
Cellular growth and expression quantifications were conducted 
using MorphoGraphX. Stacks were processed as described previ
ously (Le Gloanec et al. 2022). After digitally removing the tri
chomes when necessary, the organ surface was detected with 
the “Edge detect” tool with a threshold of 6,000 to 13,000, followed 
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by the “Edge detect angle” (3,000 to 6,500). An initial 5 µm cube size 
mesh was then created and subdivided three times before projec
ting the membrane signal (2 to 5 µm).

Cell segmentation and parent attribution were performed 
manually. Verification of cell parenting was done using 
“Check correspondence”. Lineages over multiple days were calcu
lated as described previously and manually corrected when re
quired (Kierzkowski et al. 2019). Stomata were identified 
manually based on their morphology and developmental trajec
tory (Le Gloanec et al. 2022).

Metrics such as area expansion, cell proliferation, growth ani
sotropy, lobeyness, and cell size were computed as described be
fore (Barbier de Reuille et al. 2015; Sapala et al. 2018). Briefly, to 
compute growth, we compared the surface area of the mother 
cell at a given time point with the surface area of all its daughter 
cells at the next time point. Cell proliferation was computed by 
counting the number of daughter cells originating from the moth
er cell at an earlier time point. Growth rates along proximodistal 
and mediolateral axes were determined using a custom Bezier 
grid, manually adjusted to follow the organ geometry at each 
time point closely. Proximodistal and mediolateral distances 
from the organ base were calculated using the “Cell distance” plu
gin, employing the “Euclidean” parameter.

All figures were assembled using Adobe Photoshop or Adobe 
Illustrator software.

Quantification and statistical analysis
Python scripts were used to generate plots in Figs. 1D, 2D, F, H, 3, 5, 
and 6 and Supplementary Figs. 2 and 3, while R scripts were used 
for Figs. 2E, G, I, and 4. Violin plots in Figs. 2D and 5, J to L represent 
value distributions, encompassing 90% of the data. Ribbon plots in 
Fig. 2E indicate the mean with shaded areas representing stand
ard deviations. Stacked histograms in Fig. 5D assess the relative 
contribution of equal segments at 2 DAI during specific time 
points. Bar plots in Fig. 3D to F represent the relative proportions 
of each value per time point. In Fig. 6R, median and standard de
viations were taken at each normalized length value (0 to 1 in in
crements of 0.1) and plotted using the plot function from 
Matplotlib. Statistical significance was determined using a two- 
sample t-test, with signifying P-value of P < 0.005.
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