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TIMING IS CRUCIAL FOR PLANT ORGAN MORPHOGENESIS 

 

Mingyuan ZHU, Ph. D. 

Cornell University 2020 

 
Plants continuously and reproducibly create new organs throughout their lifecycles. 

Their success in maintaining organ size and shape robustness amazes researchers due to 

the complexity of plant organ morphogenesis. In this context, robustness is the ability 

to form organs reproducibly despite intrinsic and extrinsic perturbations. Although there 

has been some research investigating plant organ robustness, many important questions 

remain. 

 

I started by considering the emergence of plant organs as an engineering task and 

elucidated the complexity of plant organ morphogenesis. I emphasized the surprising 

contribution of stochastic variation in gene expression and cellular growth to pattern 

formation to proper plant organ morphogenesis. I highlighted recent research efforts 

employing quantitative 4D growth tracking and computational analysis, which also 

serve as key techniques in my PhD study. 

 

I chose Arabidopsis sepals as the model system and identified the variable organ size 

and shape 2 (vos2) mutant, which has variable sepal sizes throughout the development 

of the flower. VOS2 encodes a MYB domain transcription factor, which controls the 

timing of sepal initiation by focusing plant hormone (auxin and cytokinin) signaling in 
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the incipient sepal primordia and by softening cell walls to promote growth of the 

primordium. Further bioinformatic analysis of RNA-seq and proteomics points to 

defects in ribosomes and metabolism in vos2 mutants. Sepal initiation is variably 

delayed in vos2 mutants and the delayed initiation leads to smaller sepal sizes at all later 

flower stages. Thus, the timing of sepal initiation is crucial for robust sepal size. 

 

I also studied the development of Arabidopsis fruit. Previous studies showed that 

regulatory pathways are conserved among leaves and floral organs, making me curious 

about whether conserved growth patterns also exist. Surprisingly, my study revealed 

that unlike the spatial separation of cell division and cell expansion in Arabidopsis 

leaves and sepals, fruit morphogenesis exhibits a temporal separation of cell division 

before fertilization and cell expansion after. Through live imaging and computational 

modeling, I concluded that a signaling cascade initialized at fertilization promotes valve 

elongation. The extent of fertilization controls the final fruit size and the timing of 

fertilization controls switch of the growth pattern from cell division to cell expansion. 
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Chapter 1 

Plants are better engineers: the complexity of plant organ morphogenesis 

Mingyuan Zhu and Adrienne H. K. Roeder* 

 

This chapter contains the longer version of the review that I originally submitted for 

publication.  It was subsequently shortened to reach length limits and published as: 

Zhu, Mingyuan, and Adrienne HK Roeder. "Plants are better engineers: the complexity 

of plant organ morphogenesis." Current Opinion in Genetics & Development 63 (2020): 

16-23. 

Compared to the short-published version, this chapter includes more details about 

hormone signaling and stochastic fluctuations in the plant development, which I believe 

provides a better background for the following chapters. I have slightly rearranged the 

sections for consistency with the dissertation structure. 

 

Based on the copyright policies of Elsevier (Current Opinion in Genetics & 

Development), authors can use their articles, in full or in part, for a wide range of 

scholarly, non-commercial purposes as the Inclusion in a thesis or dissertation (provided 

that this is not to be published commercially). 

The published version can be found at DOI: 10.1016/j.gde.2020.02.008 
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Abstract 

Plant are better engineers than us. They reproducibly create new organs while we are 

still far from being able to engineer plant morphogenesis. It is challenging to understand 

plant morphogenesis due to its complexity. Complex intersecting regulatory networks 

often mask general principles. Cells and molecular regulators typically behave variably 

yet the plant uses these inputs to achieve robust outcomes. Regulatory networks often 

act in the non-linear range near tipping points such that small stochastic variations are 

used to make important developmental decisions. With the recent employment of 4D 

growth tracking combined with quantitative analysis of regulatory networks and 

computational modeling, we now have better capacity to explore and embrace the 

complexity of plant organ morphogenesis. 
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Introduction 

Unlike animals, which typically complete their major developmental milestones during 

embryogenesis, plants continuously and reproducibly create new organs (i.e. leaves, 

sepals, petals, stamens, and carpels/fruit) throughout their lifecycle. For animals, we, as 

scientists, are starting to be able to engineer organoids, a mass of cells or tissue grown 

artificially that resembles an organ, potentially shifting organ production beyond 

embryogenesis. However, tackling this same challenge in plants is difficult because we 

are still far from understanding plant organ morphogenesis. Prompted by Richard 

Feynman’s famous pronouncement, “What I cannot create, I do not understand,” we 

consider the challenges inherent in engineering a plant organ. 

For classical engineering, 

(1) the design is based on well-understood principles and all components are well 

defined. 

(2) the system is designed with precise, nearly fault-free components. 

(3) the system operates in the linear range, so that its behavior is predictable [1]. 

 

In comparison, plant development, and for that matter animal development, violates all 

these tenets: 

(1) it is unclear to what extent general principles exist or each organ is a special case. 

And regulatory components often have multiple overlapping and intersecting functions. 
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(2) the cellular and molecular components behave variably, and large faults in these 

components are tolerated to produce robust organs. 

(3) the regulatory networks often act in the non-linear range and small stochastic 

changes in key regulators can push the system to different outcomes. 

 

And yet, plants and animals succeed in making elaborate organs with reproducible size, 

shape, and function. In complexity theory, emergence is the generation of de novo 

properties in a system that are not found within its component parts. Plant organs 

undergo emergence, arriving at a reproducible size, shape, and function that is not 

present or easily predictable from their cellular and molecular parts. Just think if we 

could incorporate this ability into our engineering—engineering emergence [1]. Plant 

organs undergo at least three rounds of emergence: 

(1) primordia emerge in an organized way from meristems (groups of stem cells). 

(2) the overall size and shape of organs emerge from the complex and variable behavior 

of individual cells growing and dividing. 

(3) the patterns of specialized cell types, metabolites, and structures emerge to allow the 

organ to carry out its functions. 

 

Although these steps are mentioned one by one here, they are not achieved in a linear 

order. The three rounds of emergence are often mixed, sometimes sharing the same 

regulatory mechanisms. For example, as proposed in a recent study, the class II 
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TEOSINTE BRANCHED1/ CYCLOIDEA/ PROLIFERATING CELL FACTOR1 

(TCP) transcription factors suppress both leaf expansion and hair cell differentiation 

[2*]. 

In this review, we illustrate each step of emergence needed to form an organ together 

with the complexity involved. We emphasize quantitative and dynamic research 

including computational analyses and modeling which allows us to penetrate deeper 

into complexity and gives us insight into how emergence occurs. 

 

The potential for general principles to exist in organ morphogenesis  

“If you can’t explain something simply, you don’t understand it well.” - Albert Einstein 

 

Physicists rely on general principles to understand nature, but it is less clear to what 

extent there are also general principles in morphogenesis, which if present are hidden 

by the complexity of the systems. We start by examining the initiation of primordia 

from shoot apical meristems (SAMs), which is a well-studied developmental process in 

plants. From studies of the SAM we describe how scientists have arrived at the idea of 

a biophysical feedback loop. Then we examine to what extent this biophysical feedback 

loop is present in other plant morphogenesis systems and can be considered a general 

principle. 

The initiation of primordia from the Arabidopsis thaliana (Arabidopsis hereafter) SAM 

is controlled by a complex regulatory network including multiple intersecting 
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subnetworks. The formation of a maximum in the plant hormone auxin determines the 

position of the next primordium. Auxin concentration gradients in the SAM are 

generated through polarized auxin transport by the auxin efflux carrier PIN-FORMED1 

(PIN1) [3–6]. Simultaneously, the plant hormone cytokinin contributes to controlling 

the timing of the primordium initiation through its crosstalk with auxin [7,8]. 

Furthermore, modification of cell wall mechanics is critical for primordium outgrowth. 

Normal primordium initiation requires softening and increased mechanical anisotropy 

of the cell walls. Alterations in cell wall mechanics can be guided by cortical 

microtubules (CMTs) as the alignment of CMTs controls the deposition of cellulose-

microfibrils. In addition to CMT guided stiffening, cell wall mechanics can be also be 

directly regulated by methyl-esterification of the cell wall component pectin [9–11]. 

Evolutionarily, the appearance of these regulators accounts for the establishment of the 

relatively complex SAM structure and organ morphogenesis [12,13*]. Although each 

of these pathways was identified separately, subsequent research revealed that they all 

intertwine. For example, auxin can loosen the cell wall, thus affecting cellular 

mechanical stress [14,15]. Auxin can also modulate CMT anisotropy [16]. In reverse, 

cellular mechanical patterns have been hypothesized to affect the polarity of auxin 

transport [17,18]. In addition, auxin, cytokinin and CMT alignment all regulate cellular 

growth [19–21]. Recently, it has been reported that blocking cellulose synthesis to 

disrupt cell wall integrity and decrease cell wall stiffness, could decrease the SAM size, 

influence microtubule ordering, and downregulate PIN1 [22*]. All these interactions 

contribute to the complexity of the regulatory network. 
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We see a biophysical feedback loop as a unifying principle of morphogenesis underlying 

these complex interacting networks. This feedback loop was originally proposed as a 

key regulator of SAM morphogenesis [23–25]. The geometry and differential growth of 

organs generates patterns of mechanical stress across them with the assumption that the 

organ epidermis is under tension. The mechanical stress patterns then guide the 

alignment of CMTs parallel to the orientation of maximal stress. The organization of 

CMTs adjusts the deposition of cellulose microfibrils to resist this stress, simultaneously 

reorienting cellular growth. The resultant growth creates a new tissue geometry and 

starts new rounds of this feedback loop (Fig. 1.1a). In the SAM, this feedback loop is 

required for the morphogenesis of a sharp boundary domain between the meristem and 

the primordium. 
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Figure 1.1 A potential general biophysical principle exists in plant morphogenesis. 
(a) Diagram of the potential general biophysical feedback loop principle. This feedback loop 
was first described in shoot apical meristem (SAM) morphogenesis, which is represented here. 
There is a feedback loop between the geometry of cells or organs, the mechanical stress patterns, 
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the organization of cortical microtubules (CMTs) and the cellular growth. (From Ref. [24]. 
Reprinted with permission from AAAS). 
(b) The biophysical feedback also applies to shaping the sepal. The cellular growth patterns 
correlate well with the CMT alignment throughout the Arabidopsis abaxial sepal development. 
Red bars in the left panel indicates the organization of CMTS while the white bars in the right 
panel indicates the principle growth directions (PDG) of cells. Scale bars: 20 μm (Reprinted 
from Ref. [26**]. Copyright (2016), with permission from Elsevier). 
(c) The general biophysical principle accounts for the formation of lobed cells. A geometric-
mechanical model for cell shape with or without the interaction between growth and stress 
reveals that lobed cells have much lower stress than cells without lobes. In the model with lobes, 
the cell responds to stress by adding transverse springs to restrict growth, which causes lobing. 
Stresses is calculated using the FEM model. Color scale: trace of Cauchy stress tensor in MPa. 
Scale bars: 20 μm. (Adapted from Ref. [28**]. Reprinted under a CC-BY license). 
(d)–(f) The general biophysical principle can bridge different scales together. The endocarp b 
hinge is crucial for the valve flattening. Tissue-level tension combined with specific endocarp 
b cell morphology, provides the kinetic energy for Cardemine seed dispersal. (d) CMT 
alignment (indicated with red lines) in exocarp cells (outlined in cyan) of fruits at stage 16 and 
17a. CMT orientation change leads to the turgor-driven shrinkage of valve cells, thus generating 
tension along the length of fruit valves. Scale bars: 25 μm. (e) The proposed model in which the 
valve flattening is required for the tension release by curling similar to a slap bracelet. (f) 
Transverse Toluidine blue O (TBO)-stained sections of fruit valves at different stages show the 
link between cell wall modification and ability to flatten. Scale bars: 10 mm. (Adapted from 
Ref. [30**]. Reprinted under the terms of the Creative Commons CC-BY license). 
 

Can this general biophysical principle be applied in additional developmental contexts? 

When Arabidopsis sepals initiate, the sepal tips have the highest cellular growth rates. 

The fast-growing regions gradually move to the sepal bases and lateral margins. A 

continuous 2D mechanical model predicts that a stereotypical growth pattern such as 

this can build up tensile stress at the tip of sepals. According to the biophysical feedback 

loop, we would expect this stress pattern to generate a super-cellular alignment of 

microtubules across the tip of the sepal, which should restrict growth. Consistent with 

this stress pattern, CMTs do have transverse orientations at the sepal tips and these CMT 

alignments control tip shape (Fig. 1.1b) [26**]. In the katanin mutant where mechanical 

sensing is weaker due to defects in microtubule severing, the sepal tip is rounded, 

whereas in the spiral2 mutant where mechanical signaling is enhanced due to enhanced 



10 

microtubule severing, the sepal tip becomes more pointed [26]. Thus, this same 

biophysical feedback loop applies to both primordium initiation and shaping the sepal. 

Is this general biophysical principle applicable across different scales? I.e. can it be 

applied to single cell morphogenesis? The existence of this feedback loop at the cellular 

scale was initially observed in a study with Arabidopsis cotyledon pavement cells, 

which form highly lobed puzzle shapes [27]. Theoretically, the cell size and shape 

contribute to the extent of the stress experienced by cells. Isotropic cell expansion, 

which happens commonly in isodiametric organs such as broad leaves, could greatly 

increase the stress experienced by periclinal cell walls [28**]. This assumption is 

supported by a Finite Element Method (FEM) model (FEM software developed to 

model pressurized plant cells [29]). In contrast, when the cellular growth is anisotropic 

and the cell elongates instead of expanding in diameter, like in the root elongation zone 

and the spike1 mutant cotyledons, the stress on the epidermal cell walls is reduced. This 

phenomenon can be predicted by the FEM model. Sapala et al. have developed a second 

dynamic simulation model based on this biophysical feedback loop between stress 

patterns and microtubules/cellulose microfibrils. In the model, when the cell wall 

exceeds a magnitude of stress threshold, the cell wall is locally reinforced. Stiffened cell 

wall regions create growth restrictions and cause necks to form, whereas softer regions 

bulge to form lobes. These dynamic models predict the formation of lobes in 

isotropically growing simulations and the suppression of lobes in anisotropically 

growing simulations (Fig. 1.1c). As a result, the cells can have three distinct strategies 

in response to the increased stress caused by growth: dividing more often, having highly 

anisotropic growth, and/or forming lobes [28**]. With the power of computational 
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modeling, Sapala et al. suggest that this same biophysical feedback loop operates within 

cells to drive their shape formation. 

In addition, this general biophysical feedback loop can bridge the scales of cells, tissues 

and organs together. Explosive seed dispersal in Cardamine hirsuta requires the 

coordinated deformation of both fruit valves and endocarp b cells (the second innermost 

cell layer of the valve) [30**]. Epidermal cells of the fruit valves are morphologically 

anisotropic. A tension change from the fruit length to fruit width triggers both the 

reorientation of CMTs and the change of epidermal cell wall anisotropy. Altering the 

CMT and cell wall stiffness organization switches the cellular growth from the fruit 

length to the width direction. This altered pattern of growth leads to the turgor driven 

shrinkage of cells in the length dimension and establishes tension along the length of 

the fruit rapidly (Fig. 1.1d). However, this organ level biophysical feedback is not 

sufficient to drive explosive seed dispersal. At the cell level, lignification of the 

endocarp b cell walls creates a unique structure with three stiff rods connected by very 

thin hinges (Fig. 1.1f). Such structures can deform relative freely. It allows the valves 

to behave similar to slap bracelets, releasing the tension by coiling and transferring the 

kinetic energy to the seeds, launching them (Fig. 1.1e). Inspired by the connection 

between the mechanisms at different scales, Hofhuis et al. also developed a series of 

computational models at different scales. The computed forces on the exocarp b cell 

layer calculated by the tissue-level model and the cell-level model match well, again 

suggesting the mechanisms at different scale might use the same principles [30**]. 

However, more research is required to understand morphogenesis as this general 

biophysical principle does not take external influences into consideration. During 
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hypocotyl elongation, the anisotropic expansion of the inner tissues can transfer growth-

derived stress to the epidermis. This growth-derived stress from the inner issue, together 

with the shape-derived stress of the epidermis itself, guide CMT alignment and cellular 

growth in the epidermal layer [31*]. However, this feedback loop can be bypassed. 

Simulations of microtubule dynamics in 3D suggest that geometric cues may be 

overcome as the CMT network can respond to external directional cues [32]. More 

research is required to fully elucidate this biophysical feedback loop. Given that this 

biophysical feedback loop appears to act across scales in multiple morphogenetic 

contexts, it could be considered a general principle underlying morphogenesis. Complex 

regulatory networks overlie this central feedback loop and modify or adjust it to achieve 

different morphogenetic patterns in different organs. For more details about this general 

biophysical principle, please refer to Sampathkumar et al. [23]; more details about 

geometry in plant development, please refer to Kierzkowski et al. [33]; and more details 

on the role of mechanical forces in plant morphogenesis please refer to Mirabet et al 

[34]. 

 

Reproducibility at larger scales emerges from variability at smaller scales 

“To do a great right do a little wrong. “ - William Shakespeare 

 

Fundamentally the size and shape of an organ depends on the number, size and shape 

of its constituent cells. Spatially, the anisotropy of cell growth, its principle orientation, 

and the orientation of the cell division plane contribute to the organ growth orientation. 
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Temporally, the growth rate of the cells controls the duration of each cell cycle and the 

organ growth rate. However, all of these cellular aspects are variable [35–38] (Fig. 1.2), 

at least in Arabidopsis sepals and leaves where they have been assayed dynamically and 

quantitatively through live imaging and computational image processing. 

 

Figure 1.2. The reproducible sepal size and shape emerges from the variable cellular 
growth. 
(a) For the early stage sepals, the cells are relatively homogeneous. Scale bars: 50 μm. 
(b) During the sepal morphogenesis, the cellular growth is variable. Temporally, the length of 
cell cycle and the cellular growth rate can be variable across the sepals. Spatially, the cell 
division plane and the PDG of cell growth are also variable. Scale bars: 20 μm. 
(c) Despite the heterogeneity in cellular growth, the final sepal shape and size are robust. Scale 
bars: 200 μm. 
 

The plant actually promotes variability in cell growth rates instead of suppressing it. 

Moreover, cell growth variability can be important to achieve proper morphogenesis. In 

the katanin mutant, impaired CMT responses to mechanical force leads to a strong 

decrease in the local variability of the cellular growth rate [39]. Consequently, the 

growth of the inflorescence meristem is less orchestrated and has difficulty folding the 

tissue to create a sharp boundary between the newly initiating primordium and the 
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meristem. Thus, it is proposed that the proper response to mechanical stress driven by 

KATANIN protein can amplify the growth heterogeneity which primes the meristem 

for morphogenesis [39]. 

Although cell division and cell expansion are variable, they are interdependent. In the 

Arabidopsis shoot apical meristem, cell size homeostasis is closely maintained by an 

inverse relationship between cell size and cell cycle length [40,41]. In live imaging the 

growing leaf epidermis of the speechless (spch) mutant, which lacks the stomatal 

lineage, both the cell area at execution of division and the cellular growth rate exhibit 

spatiotemporal variation [42**]. However, the growth rate is negatively correlated with 

the cell area at division, indicating coordination. This cross-dependency between cell 

growth and division could be recapitulated by a computational model in which the 

threshold cell area at division varies around a mean. By modulating the strength of such 

a threshold, the computational modeling could also successfully simulate the spch sub-

epidermis, wild-type epidermis and wild-type sub-epidermis [42**]. Similarly, in 

Arabidopsis sepals, smaller cells formed through division grow faster than larger cells 

to compensate [43] However, this compensation gives way to increasing variability in 

size later in development. The coordination between cell division and cell expansion 

can be disrupted through the temporal separation between them. Live imaging of post-

fertilization fruit growth [44*] revealed that there is no apical basal gradient in growth 

as observed in leaves and sepals [26**,42**,45]. Instead, the cells expand relatively 

homogenously across the fruit valves, leading to increasing cell sizes [44*]. Thus, the 

interaction between cell division and cell expansion contributes to the maintenance of 

cell size homeostasis. 
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The plant further accommodates and even utilizes this variability in cell growth and 

division by essentially averaging it out in a process called spatiotemporal averaging. 

Computational modeling has been first used to predict that a tissue containing cells with 

highly variable growth rates could achieve normal size and shape as long as the growth 

rates varied in time (i.e. the growth rate of the cell was changing randomly) and space 

(growth rates of neighboring cells differed randomly) [46**]. In the model, if a cell 

happen to be growing fast and then medium rate and then fast and then slowly, all of 

these variations averaged out so that the cell achieved the same overall growth as if it 

were growing at a moderate rate throughout. Averaging in the principle growth direction 

is observed in wild-type Arabidopsis sepals: variability in the orientation of growth over 

short time intervals averages to the overall growth direction of the sepal over longer 

time intervals. In contrast, in ftsh4 mutants, the variability of cellular growth is reduced 

presumably due to elevated stiffness of the cell wall caused by increased ROS levels. 

Consequently, averaging is inhibited in the ftsh4 mutant and the final organ size and 

shape in the mutants was irregular. The mutant results suggest that variability is required 

to allow the averaging process to function for the plant to produce organs robust in size 

and shape. 

In summary, cellular variability exists broadly during development. Instead of 

disrupting reproducibility, variability often contributes to, or even is necessary for final 

organ size and shape robustness. Models suggest growth is orchestrated at larger scales 

to ensure proper morphogenesis. For more details on cell size control in plants, please 

refer to D’Ario et al. [47]; for more details in leaf or flower size, please refer to Czesnick 
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et al. [48]. For more details about variability and robustness across different scales, 

please refer to Hong et al. [35]. 

 

Operating in the non-linear regime, close to thresholds and critical points 

“It may happen that small differences in the initial conditions produce very great ones 

in the final phenomena.” - Henri Poincare 

 

Merely initiating organ primordia and growing them to the right size is still far from 

producing a functional plant organ. Decorating the organ with patterns of specialized 

cell types is a necessary step to make the plant organs take their final functional forms. 

Pattern formation requires symmetry breaking, where two identical cells make different 

decisions to become distinct cell types. Symmetry breaking can occur because 

biological systems are often operating in the non-linear regime where they are close to 

thresholds and critical points and small changes in the concentration of key regulatory 

genes can push the system in distinctly different directions. Modeling suggests that 

small stochastic fluctuations of key regulatory genes are actually required to break 

symmetry and initiate feedback loops that amplify these differences to create patterns 

[50,51]. For example, small fluctuations in trichome regulatory transcription factors are 

thought to initiate a Turing patterning mechanism to create an even spacing of trichomes 

across the leaf surface [51]. In the previous section, we observed variability promoting 

reproducibility. In the following situations, we highlight how the plant can use small 

variations in key regulators to make developmental decisions (Fig. 1.3). 
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Figure 1.3. Small stochastic changes in key regulators push the system to different 
outcomes. 
(a)–(c) Fluctuation of transcription factor ATML1 across cells determines the cell fate. (a) 
Snapshots of a simulation of a plausible stochastic model for the giant cell patterning. Time is 
represented with arbitrary units (AU). (b) Fluctuations of ATML1 expression around a soft 
threshold pattern the giant cells in the Arabidopsis sepal epidermis. In G1, cells are impervious 
to ATML1 expression while in G2, high concentration of ATML1 can lead cells to become 
giant. (c) SEM images of wild-type and atml1 mutant sepals. There are fewer giant cells in the 
atml1 mutant. Giant cells are false colored red. Scale bars: 100 μm. (Adapted from Ref. [54**]. 
Reprinted under a CC-BY license). 
(d)–(f) The expression level of the primary regulator above a threshold suppresses organ number 
variability. (d) The Waddington model explains phenotypic buffering against natural variation. 
When the primary ropes (orange) are strong enough (top row), they can mask the effects caused 
by the secondary ropes (blue). Thus, although the patterns for the secondary regulators are 
variable, the phenotypes (surfaces of the landscapes) are still consistent. In contrast, when the 
primary rope breaks (bottom row), the secondary ropes predominate in variable ways causing a 
loss of robustness. (e) AP1 gene expression is strong enough to mask the effects of downstream 
genes in Arabidopsis. In Cardamine, AP expression is out of the robust zone and consequently 
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the petal number is sensitive to the perturbation. (f) The robust petal number in Arabidopsis and 
the variable petal number in different Cardamine flowers. (Adapted from Ref. [55**]. Reprinted 
under a CC-BY license). 
(g)–(i) Altering the expression patterns of key regulators can leads to big morphological 
differences across species. (g) Leaf shape and cell extension resulting from a geometric 
computational model. Scale bars: 100 μm. (h) Schematic representation of the mechanism 
accounting for leaf shape morphogenesis. The general growth pattern with a basal growth zone 
and tissue-dependent growth polarities generate the basic leaf shape. Auxin activates the 
outgrowth at the margin and CUC2/RCO suppress local growth between serrations or leaflets. 
They all work together to generate the margin growth patterns. STM suppresses differentiation, 
functioning to extend the growth zone and increase leaf complexity. (i) Leaf shape for 
Arabidopsis (simple) and Cardamine (compound). (Adapted from Ref. [56**]. Reprinted under 
the terms of the Creative Commons CC-BY license). 
 

The fluctuations in gene expression around a threshold can generate a dispersed pattern 

of specialized cells. Giant cells are highly enlarged and polyploid cells that form a 

scattered pattern in the epidermis of Arabidopsis sepals [45]. The formation of giant 

cells is regulated by the transcription factor Arabidopsis thaliana MERISTEM LAYER1 

(ATML1) and giant cells are absent in atml1 loss of function mutants (Fig. 1.3c) [52,53]. 

Through quantitative analysis of live imaging, it has been revealed that the ATML1 

expression level fluctuates apparently randomly in the sepal epidermal cells before giant 

cell differentiation [54**]. High ATML1 expression above a threshold during the G2 

phase of the cell cycle specifies giant cell identity and leads to endoreduplication and 

enlargement of the cell. Conversely, low expression of ATML1 during G2 allows the 

cell to divide and not be specified (Fig. 1.3b). A stochastic computational model of 

ATML1 fluctuations and threshold not only mimic the scattered formation of giant cells 

at sepal epidermis, but also produce the correct proportion of giant cells (Fig. 1.3a). It 

suggests that the stochastic fluctuation of ATML1 expression itself is sufficient to 

produce the heterogeneous epidermal cell size patterns [54**]. 
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Across species, variation in the strength of regulatory mechanisms can account for 

variability in organ number. Petal numbers are robust in Arabidopsis while variable in 

the close relative Cardamine hirsute (Fig. 1.3f). The variability of petal number arises 

from the variable expression level of the pleotropic floral regulator APETALA1 (AP1) 

between Arabidopsis and Cardamine [55**]. Low levels of AP1 in Cardamine fail to 

mask quantitative trait loci (QTL) affecting petal number. In Waddington’s classical 

model of canalization, the dominant primary factor can buffer downstream variation to 

achieve robust outputs (Fig. 1.3d). In Arabidopsis, AP1 is expressed highly enough to 

act as the primary factor that masks the downstream genes which cause petal number to 

vary, whereas the lower level of AP1 expression in Cardamine is not sufficient to mask 

these (Fig. 1.3e). This ability to mask depends on the cis regulatory elements rather than 

the gene coding sequence. The expression level above certain threshold is the key to 

suppress the variability [55**]. 

mall changes of the expression patterns of key regulators during evolution can account 

for large changes in leaf morphology.  Arabidopsis has simple leaves with a single leaf 

blade decorated with slight serrations, whereas Cardamine has compound leaves with 

multiple leaflets (Fig. 1.3i). The leaf primordia of Arabidopsis and Cardamine appear 

similar. Live imaging reveals that the regulation of leaf growth after primordium 

initiation accounts for the generation of this shape difference [56**]. Remarkably the 

mechanism patterning the location of the serrations and leaflets appears to be conserved, 

and it is differences in the growth that create a serration or a leaflet. These growth 

differences depend on two genes: SHOOTMERISTEMLESS (STM), which inhibits 

differentiation, and REDUCED COMPLEXITY (RCO) which inhibits local growth 
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around the emerging leaflets (Fig. 1.3h). A geometric computational model can simulate 

both the Arabidopsis and Cardamine rosette leaf growth by adjusting the strength of 

factors representing the activities of STM and RCO (Fig. 1.3g). Confirming their model, 

ectopic expression of STM and RCO in Arabidopsis leaves can convert the simple leaf 

morphology into a compound leaf similar to Cardamine [56**]. 

Similarly, in the third dimension, different organ morphologies can be achieved by 

manipulating growth domain size, growth polarity, and growth duration [57]. Modeling 

of these growth patterns can achieve intricate shapes and forms within a mechanical 

sheet of tissue [49,58–61] without the need for cells. These models are validated by the 

fact that they correctly predict the growth patterns of clonal sectors in real plant organs. 

The polarity fields are critical in these models to orient the tissue growth. Evidence of 

tissue wide polarity fields has been biologically supported recently [59,62]. The polarity 

field together with specified tissue regions with differential growth properties can 

explain the formation of various organ sizes and shapes [49,57,59]. In modeling, varying 

the strengths of three orthogonal polarity fields can either generate planar leaves (when 

one polarity filed is significantly weaker than the other two) or leaves with shapes 

resembling tapering elliptic cylinders (when one polarity field is significantly stronger 

than the other two). The simulated tapering elliptic cylinder is similar to the leaflet 

structure observed in the carnivorous plant Utricularia gibba. Altering the model for 

planar leaf formation by confining the adaxial leaf domain to a small region, leads to 

the formation of a cup-shaped sheet, which is similar to the trap structure observed in U 

gibba. Further 4D cellular and clonal analyses reveals that the developmental 

transformation for traps requires the spatial variation in growth rates and orientations 
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[63].Thus, the variation in the polarity field orientation and strength accounts for the 

change in overall leaf morphology [64**]. 

In summary, the levels of key regulators often lie close to the threshold so slight 

variations across cells and tissue is sufficient to make developmental patterning 

decisions. The level can be stochastic to initiate the pattern for of specialized cell types. 

Variation can be made evident when the buffering mechanisms become loose. Variation 

in expression between species also accounts for evolutionary novelties in plant 

morphogenesis. For more details about pattern formation, please refer to Long et al [65]. 

For more details in leaf shape diversity, please refer to Runions et al. [66]. For more 

details in polarity fields shaping growth, please refer to Kennaway et al. [49]. 

 

Embracing complexity to become better engineers 

Many of the recent reports we have discussed convey the complexity of plant 

morphogenesis. It has become clear that in order to have a more holistic understanding 

of plant morphogenesis, we need to embrace this complexity and understand its 

mechanisms. Indeed, more and more researchers are beginning to emphasize and 

elucidate complexity. We would encourage our fellow scientists to think more about the 

following directions or strategies to grapple with complexity: 

(1) Pay attention to the distributions of outcomes and the dynamics of the problem 

instead of just average differences between samples. 

With the increasing power of time-lapse confocal microscopy and even more advanced 

microscopy methods, we are now able to track 4D growth together with the expression 
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patterns of key regulators with higher and higher spatiotemporal resolution. A good 

example why the distribution matters is the ATML1 study: only tracking the ATML1 

expression throughout the cell cycle and plotting the ATML1 expression curves for 

many cells made it possible to identify the mechanism in which only ATML1 level at 

G2 phase matters for specifying giant cell identity. Novel and important biological 

mechanisms can be found by examining these distributions/variations of outcomes. 

(2) Pay attention to variable phenotypes  

When important regulatory mechanisms are disrupted, they tend to generate variable 

phenotypes. The genes promoting robustness tend to genetically interact with lots of 

other genes, making them the hubs of genetic networks [67]. Only a few mutant screens 

targeting phenotypic robustness, have been conducted [46,68]. More such screens for 

variable phenotypes instead of stable phenotypes should help us to identify important 

regulatory components. 

(3) Integrate computational modeling with the experimental observation 

In many of the studies mentioned in this review, computational modeling has been 

instrumental in understanding the mechanisms giving rise to morphogenesis. Models at 

cellular, tissue and even organismal scales are useful, particularly in bridging scales. 

Modeling can also simulate both geometrically regular/ numerically repetitious patterns 

and variable patterns/forms [69]. For some aspects which are not testable with the 

current experimental techniques, computational modeling provides the convenience of 

manipulating developmental process in silico and testing extreme situations. 
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Abstract 

Organ size and shape are precisely regulated to ensure proper function. The contribution 

of organ initiation timing to final organ size and shape is often masked by compensatory 

adjustments to growth later in development. Here we show that DEVELOPMENT 

RELATED MYB-LIKE1 (DRMY1) is required for both proper organ initiation timing 

and growth leading to robust sepal size in Arabidopsis. Within each drmy1 flower, the 

initiation of some sepals is variably delayed. Late-initiating sepals in drmy1 mutants 

remain smaller throughout development resulting in variability in sepal size. DRMY1 

focuses the spatiotemporal signaling patterns of the plant hormones auxin and cytokinin, 

which jointly control the timing of sepal initiation. Contrary to expectation, our findings 

demonstrate that timing of organ initiation contributes to robust organ size throughout 

development. 
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Introduction 

Development is remarkably reproducible, generally producing the same organ with 

invariant size, shape, structure, and function in each individual. For example, mouse 

brains vary in size by only about 5%1, and Arabidopsis floral organs are strikingly 

uniform2. Defects in organ size control mechanisms contribute to many human diseases 

including hypertrophy and cancer3,4. Uniformity of fruit size is an important criterion 

for packaging and shipping fruit to market5. In this context, robustness is the ability to 

form organs reproducibly despite perturbations, such as stochasticity at the molecular 

and cellular level as well as environmental fluctuations6. Robustness has fascinated 

biologists since Waddington brought the issue to prominence in 19427. One proposed 

scenario for achieving organ size robustness is that organs can sense their size and 

compensate through adjusting their maturation time until the organ has reached the 

correct size8. For example, in Drosophila, damaged or abnormally growing imaginal 

disks activate the expression of Drosophila insulin-like peptide8 (DILP8), which delays 

metamorphosis and thus allows damaged disks to reach the correct size9,10. These 

compensatory mechanisms can mask early-stage defects. In other cases, robustness is 

crucial throughout organ growth. For instance, in Arabidopsis thaliana, all four sepals 

of the flower must maintain equal size throughout development to keep the bud closed 

and protect the developing reproductive organs11. Likewise in humans, two arms must 

maintain equal length from infancy to adulthood so that we can pick up and carry 

objects12. In such cases, delaying maturation to compensate for early size defects is not 

effective, and how robustness is achieved is still poorly understood. 
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Sepals, the outermost floral organs, are a good model system for investigating the 

mechanisms of organ size robustness throughout development because individual plants 

can produce more than 50 invariant flowers. This allows statistical assessment of organ 

size uniformity within a single organism that cannot be achieved in most model systems. 

Sepals arise from floral meristems (FM, stem cells that give rise to floral organs), which 

initiate from the periphery of the inflorescence meristem (IM, stem cells at the tip of the 

plant that give rise to the flowers; Fig. 1a). On the flank of Arabidopsis thaliana floral 

meristems, four sepals initiate and rapidly grow to cover that flower. The four growing 

sepals in a flower must maintain the same size and shape to enclose and protect 

developing reproductive organs throughout growth before the flower blooms11; thus, 

continuous robustness of size and shape is required for sepal function (Fig. 2.1a). We 

established a nomenclature for the four sepals in a flower. The sepal closest to the IM 

is the inner sepal, while the sepal opposite, farthest from the IM, is the outer sepal. The 

two sepals on the sides are lateral sepals (Fig. 2.1a). Here we consider the hypothesis 

that sepals can achieve robustness throughout their development by synchronization of 

initiation and maturation. This synchronization hypothesis predicts that early defects in 

the timing of initiation would cause cascading defects in organ size because late 

initiating organs would not have as much time to grow before the organs mature 

synchronously. 
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Figure 2.1 Mutations in the DRMY1 gene lead to increased variation in sepal size and shape. 
a, Anatomical diagram. Floral meristems (FM) emerge from the inflorescence meristem (IM). 
Four sepals (S) initiate evenly from the periphery of the floral meristem. The inner sepal is 
closest to the IM, the outer sepal farthest from the IM, and the lateral sepals on the sides. Note 
that throughout development, the sizes of sepals are always similar. 
b, Wild-type (WT) and vos2 (drmy1-2) flowers as closed buds (stage 12, left) and after blooming 
(stage 15, right). Orange arrows: smaller sepals within each vos2 (drmy1-2) flower. Scale bars:1 
mm. 
c, The sepal area distribution is wider for the vos2 (drmy1-2) mutant compared to WT. Area 
variability was quantified by the coefficient of quartile variation (CQV) and was significantly 
higher in vos2 (Permutation test ***: p-value < 0.001). The average area of vos2 sepals was 
significantly lower than wild type (Permutation test ***: p-value < 0.001). The boxes extend 
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from the lower to upper quartile values of the data, with a line at the median. The whiskers 
extend past 1.5 of the interquartile range. n = 100 for both WT and vos2 (drmy1-2) 10th to 25th 
flowers along the main branch. Outer, inner, and lateral sepals were pooled together. 
d, Coefficient of variation (CV) calculated for the areas of the four sepals in each single flower. 
Sequential flowers along the main branch of the stem (flower number on the x-axis) were 
measured at stage 14. Three replicates are included for both WT (blue) and vos2 (drmy1-2, red) 
mutants, and original individual sample curves can be found in Source Data. The average CV 
of the 3 replicates are presented as thick blue and red lines with the SD as partially translucent 
background. 
e, vos2 (drmy1-2) mutants also exhibit higher variation in inner and lateral sepal shape. 
Superimposed outlines of stage 14 sepals from WT and vos2 (drmy1-2) mutants were 
normalized by sepal area. The black outline is the median. 
f, Gene model for the DRMY1 gene (AT1G58220). Orange box indicates the location of the 
MYB domain. A G to A point mutation was identified at an exon and intron junction in the vos2 
(drmy1-2) mutant. drmy1-1 was reported with a T-DNA insertion in the first intron. 
g, Expression pattern of pDRMY1::3XVENUS-N7 (white). The expression of nuclear localized 
VENUS driven by the DRMY1 promoter was observed in young stage flowers, especially the 
peripheral zones. Cell walls were stained with propidium iodide (PI, red). Scale bar: 20 μm. 
h, Scanning electron micrographs show that the sepal size variability phenotype can be observed 
at early stages (stage 5) and remains visible through late stages. Red arrowhead: delayed sepal 
initiation at stage 5; Red arrows: smaller sepals within the single drmy1-2 flowers; Scale bar at 
top panel: 30μm; Scale bar at bottom panel: 200 μm. 
(Panel e was done by Chun-Biu Li.) 
 

Results 

Mutations in DRMY1 cause variability in sepal size. 

Robustness mechanisms can be identified by screening for mutants with increased 

variability13,14. Accordingly, we screened for mutants exhibiting variable sizes or shapes 

of the sepals, thus disrupting robustness14. Our previous analysis of the variable organ 

size and shape1 (vos1) mutant revealed that highly variable cell growth is averaged in 

time and space to create robust organs and that synchrony of sepal maturation 

contributes to size robustness14. From that mutant screen, we also isolated the variable 

organ size and shape2 (vos2) mutant which had sepals of different sizes within the same 

flower. Consequently, vos2 sepals failed to form a complete barrier to protect the inner 

reproductive organs (Fig. 2.1b). To exclude the possibility that the variability arose from 
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the altered sepal number, we counted the number of sepals produced in vos2 flowers 

and found that it was largely unaffected, with 4 sepals present in >92% (164/177) of 

vos2 flowers (compared to 100% (207/207) of wild-type flowers; Supplementary Fig. 

2.1a). Next, we quantified the size distribution of mature sepals from many mutant 

plants, in flowers with 4 sepals. We found that vos2 mutant sepals had increased 

variability in area and reduced average area compared to wild type, especially for inner 

and lateral sepals (Fig. 2.1c and Supplementary Fig. 2.1e). We further assayed 

individual flowers developing sequentially along the main branch of a single plant and 

found that the area of the four sepals in each vos2 flower consistently exhibited higher 

coefficients of variation (CV) and smaller averages in sepal area than wild type (Fig. 

2.1d and Supplementary Fig. 2.1b). Additionally, the shapes of vos2 inner and lateral 

mutant sepals were more variable than wild-type sepals, after normalizing for size (Fig. 

2.1e and Supplementary Fig. 2.1c). The defect is not restricted to sepals, as vos2 petal 

areas are also more variable than wild type (Supplementary Fig. 2.1f). VOS2 is required 

for robustness of floral organ size and shape. 
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Supplementary Figure 2.1 drmy1-2 floral organs have enhanced sepal size and shape 
variability. 
a, DRMY1 mutations have little effect on the floral organ number. Numbers of sepals, petals, 
stamens and carpels were quantified for both WT and the drmy1-2 mutant. Two-tailed Student’s 
t test * p-value < 0.05 (p-value for the mean of organ number, WT versus drmy1-2 petal: 1.14E-
03; WT versus drmy1-2 stamen number: 2.14E-08). Error bars: standard error of the mean.  
b, Quantification of the mean sepal area of the four sepals from an individual flower. Sequential 
flowers along the main branch of the stem (flower number on the x-axis) were measured at stage 
14. Three replicates are included for both WT (blue) and drmy1-2 (red), and original individual 
sample curves can be found Source Data. The mean of the 3 replicates are presented as thick 
blue and red lines with the SD as partially translucent background.  
c, Quantification of the sepal shape variability for outer, inner and lateral sepals. Two-tailed 
Student’s t test * p-value < 0.05 (p-value for the mean of shape variability, WT versus drmy1-2 
inner sepal: 2.70E-02; WT versus drmy1-2 lateral sepal: 1.00E-07) Error bars: standard error of 
the mean. n = 60 for both WT and drmy1-2 10th to 25th flowers along the main branch. 
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d, What at first appeared to be two sepals initiated at the inner sepal position of the drmy1-2 
flower (left panel) fused to form a single sepal with a split tip at later time points of the live 
imaging (right panel). Red arrowheads: initiating sepals. Red arrow: the fused sepal. Scale bar: 
50 μm. 
e, Coefficient of variation (CV) calculated for the areas of the outer, inner and lateral sepals. 
Sepals from different flowers were pooled together. n = 48 flowers.  
f, Average CV calculated for the areas of all petals in each single flower for WT and drmy1-2. 
Two-tailed Student’s t test * p-value < 0.05 (p-value for the mean of CV for petal area within 
individual flowers, WT versus drmy1-2: 1.27E-03). Error bars: standard error of the mean. n = 
20 for both WT and drmy1-2. 
(Panel c was done by Chun-Biu Li.) 
 

Map-based cloning of vos2 identified a G to A point mutation in a splice acceptor site 

of the gene (AT1G58220) encoding the MYB domain protein DEVELOPMENT 

RELATED MYB LIKE 1 (DRMY1; Fig. 2.1f). This point mutation caused altered 

splicing resulting in premature stop codons (Supplementary Fig. 2.2a), as well as a 

dramatic decrease of DRMY1 transcript level (Supplementary Fig. 2.2b). A T-DNA 

insertion allele, drmy1-1, was recently reported as broadly affecting cell expansion15. 

Thus, we renamed vos2 as drmy1-2. To verify that mutations in DRMY1 caused the 

variable sepal size and shape phenotype, we observed that the drmy1-1 T-DNA insertion 

allele also exhibited sepal size variability, and that drmy1-1 and drmy1-2 alleles failed 

to complement, indicating they were alleles of the same gene (Supplementary Fig. 2.2c-

f). Furthermore, expression of DRMY1 under its endogenous promoter rescued the sepal 

variability phenotypes (20/21 rescued in T1), confirming the role of DRMY1 in 

regulating sepal robustness (Supplementary Fig. 2.2g). 
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Supplementary Figure 2.2 DRMY1 is required for sepal size robustness. 
a, Sequencing of DRMY1 transcripts from the drmy1-2 mutant verified splicing defects occur. 
DRMY1 transcripts were reverse transcribed and amplified from RNA extracted from the drmy1-
2 mutant and inserted into pENTR-D-TOPO for sequencing. Black shading: nucleotides 
remaining in the transcript after the splicing; Gray shading: nucleotides spliced out. Orange 
capital letter: exon. Purple lower-case letter: intron in the WT DRMY1 transcript. Red arrowhead 
indicates one base pair shift. 
b, qRT-PCR measuring the expression of DRMY1 in WT and the drmy1-2 mutant using two 
pairs of primers: one before the mutation site and another across the mutation site. The 
expression level in WT quantified with the primers before the mutation site was set to 1 using 
the Delta-delta-CT method. Two-tailed Student’s t test * p-value < 0.05 (p-value for the mean 
of expression fold change, WT versus drmy1-2 before mutation: 3.31E-03; WT versus drmy1-
2 across mutation: 2.01E-04). Error bars: standard error of the mean. n = 3 biological replicates. 
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c,d,e,f,g,h, Inflorescences of WT (c), drmy1-1 (d), drmy1-2 (e), F1 of the cross between drmy1-
1 and drmy1-2 for allelism test (f), T3 plants of drmy1-2 transformed with pDRMY1::DRMY1 
(g), and T3 plants of drmy1-2 transformed with pDRMY1::DRMY1-mCitrine (h). Orange arrows: 
smaller sepals in individual flowers. Note, open flower buds indicate unequal sepal sizes. Scale 
bars: 0.5 mm. 
i,j, Transcriptional (i, pDRMY1::3XVENUS-N7, nuclear localized gray signal) and translational 
(j, pDRMY1::DRMY1-mCitrine, gray) DRMY1 reporter expression patterns are similar. Cell 
walls were stained with PI. Both DRMY1 reporters are expressed in the inflorescence meristem, 
floral meristems, and initiating floral organs, with stronger expression in the periphery. Scale 
bars: 20 μm. 
(Panel b was done by Weiwei Chen.) 
 

To determine when DRMY1 functions in sepal robustness, we examined reporters for 

DRMY1 expression. The DRMY1-mCitrine fusion protein (pDRMY1::DRMY1-

mCitrine) rescued the drmy1-2 mutant phenotypes (21/23 rescued in T1), indicating that 

the fusion protein is functional (Supplementary Fig. 2.2h). The DRMY1 reporters were 

expressed broadly within young flowers, floral meristems and inflorescence meristems 

(Fig. 2.1g, and Supplementary Fig. 2.2i, j). The DRMY1 transcriptional reporter had 

somewhat higher expression within the periphery of developing floral and inflorescence 

meristems, hinting that DRMY1 might function in organ initiation. 

 

Sepal primordium initiation is variably delayed in drmy1-2 mutants. 

Since DRMY1 reporters were expressed before and during sepal primordium initiation, 

we used scanning electron microscopy to determine the stage at which the defect in 

sepal size robustness was first visible in drmy1 mutants. Sepal variability in drmy1-2 

arose during initiation and was visible throughout flower development (Fig. 2.1h). In 

wild type, the four sepals were the first organ primordia to initiate at the periphery of 

the floral meristem. At the same stage in drmy1-2, the flowers exhibited a normal-
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looking outer sepal. However, the inner and lateral sepal primordia were often absent 

or appeared smaller than wild type, suggesting that their initiation was delayed (Fig. 

2.1h). As mentioned above, >92% of drmy1-2 flowers had four sepals at maturity; this 

was consistent with a delay rather than a block of sepal initiation. 

To determine how much the timing of sepal initiation is actually delayed in the drmy1-

2 mutant, we live imaged wild-type and the drmy1-2 mutant flowers throughout the 

initiation of sepal primordia (Fig. 2.2a, b). We defined the bulging of sepal primordia 

out from the floral meristem as the morphological initiation event, which we detected 

by observing the Gaussian curvature of the meristem surface. A clear band of positive 

curvature (red in the heat map) at the flank of the floral meristem indicated the initiation 

of the sepal (Fig. 2.2c, d). The initiation of the outer sepal occurred first, and was set as 

the starting point, followed by the inner and then lateral sepals. For wild type, the time 

intervals between the initiation of outer and inner sepals were always around 6 hours 

(Fig. 2.2a, c, and e). Within 12 hours after the initiation of the outer sepal, the two lateral 

sepals initiated (Fig. 2.2a, c, and f). The sepal primordia then rapidly grew to cover the 

floral meristem by 30 hours (Fig. 2.2a). 
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Figure 2.2 Sepal initiation is variably delayed in the drmy1-2 mutant. 
a,b, Live imaging of sepal initiation in wild type (A) and drmy1-2 (B). Plasma membrane 
marker (p35S::mCitrine-RCI2A) is shown in greyscale. The small bulge-out is defined as sepal 
initiation. Blue arrowheads in WT and red arrowheads drmy1-2 indicate initiated sepals. Scale 
bars: 25 μm. 
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c,d, Gaussian curvature heatmap detecting changes in curvature associated with initiation for 
the live imaging sequences shown in A and B. The red color represents the dome shape while 
the blue color represents the saddle shape. Thus, a strong red band at the periphery (white 
arrowheads) reveals initiated sepals. Scale bars: 25 μm. 
e, Histogram showing the time interval between the initiation of the outer sepal and the inner 
sepal in each flower. n = 12 for WT flowers and 12 for drmy1-2 flowers. Note WT inner sepals 
initiate robustly 6 hours after the outer sepals, while the time is variable and generally longer in 
drmy1-2. 
f, Histogram showing the time interval between the initiation of the outer sepal and the lateral 
sepals for each flower. 
g, Atomic Force Microscopy measurement of cell wall stiffness (elastic modulus) for centers of 
inflorescence meristems (IM), centers of floral meristems (FM), and peripheries of floral 
meristems where sepal primordia emerge (SP; highlighted with black dotted boxes) of WT and 
the drmy1-2 mutants. In the heatmap of apparent elastic modulus shown here, red indicates 
stiffer and blue indicates softer (n = 11). Scale bars: 10 μm. 
 

In contrast, for the drmy1-2 mutant, the time intervals for the initiation of inner and 

lateral sepals were elongated and more variable (Fig. 2.2b, and d-f). In drmy1-2, the 

inner sepals initiated anywhere from 6 to 36 hours after the outer sepals (Fig. 2.2e). 

Likewise, the lateral drmy1-2 sepals initiated from 12 to 30 hours after the outer sepal 

(Fig. 2.2f). Initiation of the lateral sepals occasionally occurred before the initiation of 

the inner sepal in drmy1-2 flowers. Frequently, two sepal primordia appeared to form 

instead of one at the inner position of drmy1-2 flowers (e.g. highlighted with red 

arrowheads in Fig. 2.2b). However, further live imaging revealed that most of these 

fused to form a single sepal with two tips, resulting in the four sepals finally observed 

in drmy1-2 flowers (Supplementary Fig. 2.1d). In addition, it took much more time for 

drmy1-2 sepal primordia to cover the whole floral meristem. We performed our analysis 

relative to the initiation of the outer sepal because our hypothesis is that the delay in 

sepal initiation of inner and lateral sepals relative to the outer sepal accounts for their 

smaller sizes through flower development. To test whether there was also a delay in 

drmy1-2 outer sepal initiation we measured flower radius before and at outer sepal 
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initiation and saw no change in drmy1-2 versus wild type (Supplementary Fig. 2.3a). 

We speculate that some positional aspect of being close to the cryptic bract or some 

other remnant of the development of the floral meristem causes the outer sepal initiation 

to be more robust. Thus, initiation of the outer sepal is a reasonable marker for staging. 
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Supplementary Figure 2.3 Cell wall stiffness increases in the drmy1-2 mutant. 
a, Graph of flower radius to assess developmental stage.  The radii of flowers without sepal 
primordia (SP = 0), with only the outer sepal primordium (SP = 1), or with outer and inner sepal 
primordium (SP > 1) were measured for wild-type and drmy1-2 inflorescences.  The critical size 
threshold for outer sepal initiation is specified with a yellow dashed line.  Note this size is the 
same for wild type and drmy1-2, indicating the stage of outer sepal initiation is not affected in 
drmy1-2. In contrast, the critical size threshold for inner sepal initiation (orange dashed lines), 
is larger for drmy1-2 than wild type, consistent with delayed inner sepal initiation. 
b, The average apparent elastic modulus calculated from AFM measurements of the flowers is 
significantly higher for the drmy1-2 mutant. Two-tailed Student’s t test * p-value < 0.05 (p-
value for the mean of apparent elastic modulus, WT versus drmy1-2: 6.81E-04). Error bars: 
standard errors of the mean. n = 11 samples measured for both WT and drmy1-2. 
c, Cell shrinkage heatmap after osmotic treatment in WT and drmy1-2. Group of cells were 
segmented together for area comparison. Red in the heatmap represents less shrinkage, thus 
stiffer cell wall. Scale bar: 50 μm. 
d, Average shrinkage ratio after osmotic treatment further confirmed cells undergo less 
shrinkage in the drmy1-2 mutant, indicating the cell walls are stiffer. Two-tailed Student’s t test 
* p-value < 0.05 (p-value for the mean of shrinkage ratio, WT versus drmy1-2: 5.56E-08). Error 
bars: standard errors of the mean. 
e, Bar graph of GO terms that are overrepresented (against a genome wide average) among 
genes more strongly expressed in drmy1-2 inflorescences than in WT inflorescences. Genes 
used for this GO term analysis are listed in the "Upreg. in drmy1-2, padj < 0.1" table of Data S1. 
f, Bar graph of GO terms that are overrepresented (against a genome wide average) among genes 
more strongly expressed in WT inflorescences than in drmy1-2 inflorescences. Genes used for 
this GO term analysis are listed in the "Downreg. in drmy1-2, padj < 0.1" table of Data S1. 
For both (e) and (f), a subset of significant GO terms was selected for each graph. Genome (gray) 
reports the frequency of genes associated with that term in the Arabidopsis genome, which 
would be the frequency expected by chance for a randomly selected subset of genes. The 
percentage of genes was calculated as the number of genes associated with that term divided by 
the total number of genes. 
 

Stiffer cell walls in drmy1-2 mutants correlate with delayed sepal initiation. 

DRMY1 encodes a MYB domain protein, and most MYB domain proteins function as 

transcription factors16. To identify the biological processes that are regulated by 

DRMY1 to promote robust timing of sepal primordium initiation, we performed an 

RNA-seq experiment comparing inflorescences and flowers of drmy1-2 mutants to wild 

type. Gene ontology (GO) term analysis of the differentially expressed genes revealed 

an enrichment of biological processes including “cell wall modification”, “response to 

hormone stimulus” and “cellular metabolic process” (Supplementary Fig. 2.3e, f). Plant 
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cell walls become softer through cell wall modification during primordium initiation to 

allow outgrowth. Genetically stiffening the cell wall is sufficient to block the initiation 

of organ primordia17,18. Our RNA-seq data suggested that cell wall stiffness might be 

changed in drmy1-2 mutants due to altered cell wall modifications. To determine 

whether the delayed organ initiation in drmy1-2 might result from a stiffer cell wall, we 

first used Atomic Force Microscopy (AFM) to quantify the cell wall stiffness of the 

sepal primordia, the floral meristem and the inflorescence meristem. For all three, the 

cell wall was significantly stiffer in the drmy1-2 mutant (higher average apparent elastic 

modulus; Fig. 2.2g, and Supplementary Fig. 2.3b), consistent with the delay of 

primordium initiation. We also used osmotic treatment to assess cell wall stiffness by 

quantifying the shrinkage of cell walls when internal turgor pressure was decreased. 

Osmotic treatment of wild-type and drmy1-2 developing sepals further confirmed that 

cell walls were stiffer in the drmy1-2 mutant (Supplementary Fig. 2.3c, d). Our data is 

consistent with the model that stiffer cell walls in drmy1-2 led to delayed sepal initiation, 

and consequently higher sepal size variability. 

 

Variably delayed initiation disrupts sepal size robustness throughout development. 

To test whether delayed sepal initiation decreases sepal size throughout flower 

development, we live imaged sepals from their initiation throughout their development 

over 11 days (Fig. 2.3a, b and Supplementary Fig. 2.3e). In wild type, after robust 

initiation, the sepals maintained equivalent sizes so that flowers remained closed 

throughout development (Fig. 2.3a). At the end of our live imaging series, sepal sizes 
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were nearly equivalent (Supplementary Fig. 2.4e). In contrast, in drmy1-2 flowers, 

sepals with delayed initiation remained smaller than other sepals throughout 

development, so that flowers remained open throughout development (Fig. 2.3b). At the 

end of our live imaging series, these sepals had variable sizes (Supplementary Fig. 2.4e). 

At maturity in vivo, wild-type outer sepals are slightly larger than inner sepals, which 

in turn are slightly larger than lateral sepals corresponding with their timing and order 

of initiation (Fig. 2.3f). In wild type, outer and inner sepal sizes are correlated, whereas 

in drmy1-2 the correlation is weakened presumably by the delayed and variable 

initiation (Supplementary Fig. 2.4f). Furthermore, the drmy1-2 inner and lateral sepals 

had a more severe decrease in size relative to wild type than outer sepals, correlating 

with their delayed initiation (Supplementary Fig. 2.4g). These results indicate that 

precisely timed initiation is critical for robustness in organ size, consistent with the 

synchronization hypothesis. Our results imply that late initiating sepals cannot catch up 

because they have less time to grow, resulting in variable sepal size. 
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Supplementary Figure 2.4 Sepal cell growth is slower in the drmy1-2 mutant. 
a,b, 24-hour late stage (from stage 6 to stage 9) cellular growth heatmap for both WT (a) and 
drmy1-2 (b) outer sepals. Relative growth rate is defined as final cell size divided by initial cell 
size. Segmented cells outlined in yellow. Note the outer sepal base is at the bottom of the image 
and its tip points up. Scale bars: 20 μm. 
c, Growth curves of the late stage average cellular growth for both WT and drmy1-2. *: Flower 
stage 9 extends over multiple 24-hour intervals. Error bars represent standard error of the mean. 
d, 36-hour cell division heatmap for both WT and drmy1-2. The total number of cells derived 
from one progenitor is represented in the heatmap with 1 meaning no divisions. Throughout 
sepal development, the drmy1-2 sepal cells undergo fewer divisions than WT. Scale bars: 20 
μm. 
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e, Confocal images of sepals from individual flowers (shown in Fig. 3A-B) after 11 days of live 
imaging. Area variability was quantified by the coefficient of variation (CV). The first drmy1-
2 lateral sepal fused from two lateral primordia. Scale bar: 100 μm. 
f, The outer sepal area plotted as a function of the inner sepal area in individual flowers. Each 
color represents a pool of three plants and each point is for one flower (using the same dataset 
as Fig. 1d and Supplementary Fig. 1b). In addition to plotting the values, we use a Gaussian 
kernel to estimate their probability density function. We represent the probability density 
function with labelled contour lines shaping the density. We use a bandwidth factor of 0.5, 
chosen to make the data distribution easier to read. 
g, The mean drmy1-2 sepal area divided by WT mean sepal area ratio for each sepal type. Sepals 
from different flowers were pooled together. n = 48 flowers. 
(Panel c was done by Weiwei Chen.) 
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Figure 2.3 Sepals with delayed initiation in drmy1-2 mutants remain smaller throughout 
development. 
a,b, 24-hour live imaging of WT (A) and the drmy1-2 mutant (B) flowers. The closed flower 
indicated the robust sepal size in WT while the drmy1-2 flower remained open due to variable 
sepal size. n = 3; Inset: the top view of the flowers for the first two time points. Arrows: inner 
sepals; Scale bars: 100 μm; Scale bars in insets: 20 μm. 
c,d, 12-hour early stage (from stage 4 to stage 6) cellular growth heatmap for both WT (C) and 
drmy1-2 (D) outer (left) and lateral (center) sepals. The sepal cellular growth rate was quantified 
from live imaging of sepals immediately following initiation. For the heatmap, red indicates 
high relative growth rate while blue indicates low relative growth rate. Relative growth rate is 
defined as final cell size divided by initial cell size. Segmented cells are outlined in dashed 
yellow and superimposed on the meshed surface where the cell plasma membrane images were 
projected (greyscale). Scale bars: 20 μm. 
e, Average cell growth rate curves of these early stage outer and lateral sepals for both WT and 
drmy1-2. Error bars: standard errors of the mean. 
f, The sepal area distribution for outer, inner and lateral sepals. The boxes extend from the lower 
to upper quartile values of the data and the whiskers extend past 1.5 of the interquartile range. 
Small dots for each box indicate the outliers. Sepals from different flowers were pooled together. 
n = 48 for both WT and drmy1-2 10th to 25th flowers along the main branch. Two-tailed 
Student’s t test * p-value < 0.05 (p-value for the mean of sepal area, WT versus drmy1-2 outer 
sepal: 1.62E-12; WT versus drmy1-2 inner sepal: 3.70E-13; WT versus drmy1-2 lateral sepal: 
3.41E-39). 
 

Initiation is the primary cause of variability in drmy1-2 mutants. 

We asked whether subsequent sepal growth contributes to variability in drmy1-2 sepal 

size. We tracked cells and their resultant daughters in sepals after initiation, enabling us 

to measure cell growth and division rates. In both outer and lateral sepals, drmy1-2 

cellular growth was somewhat slower than wild type (Fig. 2.3c-e and Supplementary 

Fig. 2.3a-c). Cell division was reduced in the drmy1-2 sepals (Supplementary Fig. 2.3d). 

These results indicate that drmy1 sepals also exhibit growth defects. However, in both 

drmy1-2 and wild type, the lateral sepal growth is faster than the outer sepal growth, 

which means the growth differences are slightly decreasing size variability instead of 

promoting it (Fig. 2.3c-e). 



61 

Previously, we have shown that spatiotemporal averaging of variable cell growth results 

in sepal size and shape robustness and that this process is disrupted in vos114. 

Spatiotemporal averaging occurred normally in the drmy1-2 mutant during early stage 

growth, indicating that the loss of robustness was due to distinct mechanisms 

(Supplementary Fig. 2.5). Thus, we conclude the variability in the timing of sepal 

primordium initiation in drmy1-2 is the major source of variability in sepal size 

throughout development. 
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Supplementary Figure 2.5 Spatiotemporal averaging is not affected in the drmy1-2 mutant 
at early stage. 
a, The maximal principal direction of growth (PDGmax, white line) of WT sepal cells calculated 
for 24-hour and 48-hour intervals. For 24-hour intervals, the PDGmax shows both spatial and 
temporal variations in WT. Cell outlines are shown in cyan. Over the whole 48-hour interval 
these variations average out such that the PDGmax are oriented vertically along the major growth 
axis of the sepal. One cell showing good temporal averaging is highlighted with blue boxes and 
magnified in insets. Scale bar: 20 μm. 
b, The maximal principal direction of growth (PDGmax, white line) of the drmy1-2 sepal cells 
calculated for 24-hour and 48-hour intervals. The PDGmax also shows similar spatial and 
temporal variations in the drmy1-2 situation. One cell showing good temporal averaging is again 
highlighted with red boxes at different time points, indicating the temporal averaging of growth 
direction is not affected by DMRY1 mutations and magnified insets. Scale bar: 20 μm. 
c, Graph plotting the average spatial variability of the growth rates (Varea) for sepal epidermal 
cells during the development of sepals. Blue curves are for WT sepals and red curves are for 
drmy1-2 sepals. 
d, Graph plotting the average temporal variability of the growth rates (Darea) for sepal epidermal 
cells during the development of sepals. Blue curves are for WT sepals and red curves are for 
drmy1-2 sepals. 
(Panels c and d were done by Satoru Tsugawa.) 
 

Weak and diffuse auxin responses in drmy1-2 mutants correlate with delayed sepal 

initiation. 

We next investigated how DRMY1 regulates the timing of sepal initiation. In the flower, 

auxin induces cell wall loosening, promoting cell expansion and allowing the 

primordium to emerge19. Before the primordium initiates or bulges, the first sign of the 

incipient primordium is a localized region of auxin signaling created by the polarized 

transport of auxin20–23. We examined the auxin response reporter DR5 

(pDR5rev::3XVENUS-N7)20,24. In wild-type floral meristems, we found that the 

positions of incipient sepal primordia were marked by the expression of DR5 before 

primordium initiation occurs (Fig. 2.4a). Consistent with the variably delayed 

primordium initiation in drmy1-2, expression of the DR5 auxin response reporter was 

weaker and more diffuse in drmy1-2 mutants (Fig. 2.4a and Supplementary Fig. 2.6a, 
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quantified in Fig. 2.4c). Weaker and more diffuse DR5 fitted with higher stiffness and 

slower growth in drmy1-2 mutants. Still, sepal primordia emerged from regions of auxin 

signaling in drmy1-2 mutants. Positions where auxin signaling reaches high enough 

levels to initiate primordia are determined by the polar localization of the auxin efflux 

carrier PINFORMED1 (PIN1)20,23. PIN1 protein continued to polarize in drmy1-2 

inflorescence meristems and early flowers, so the more diffuse auxin response could not 

be easily explained by a loss of PIN1 polarity (Supplementary Fig. 2.6c, d). Consistent 

with a decrease in auxin signaling, drmy1-2 mutant plants exhibited a number of 

additional phenotypes associated with auxin signaling mutants: enhanced bushiness of 

the plant, shorter plant stature25, smaller root meristem26, shorter roots and fewer lateral 

roots27 (Supplementary Fig. 2.6e-g). Together these data suggest auxin 

signaling/response is reduced and more diffuse in drmy1-2 mutants, correlating with 

delayed sepal primordium initiation. 
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Supplementary Figure 2.6 Auxin signaling is suppressed and more diffuse while cytokinin 
signaling expands and is enhanced in drmy1-2 mutants. 
a, Confocal imaging of the DR5 auxin response reporter (white) in the whole inflorescence of 
WT and the drmy1-2 mutant. p35S::mCherry-RCI2A: red, for plasma membrane. Scale bar: 20 
μm. 
b, Confocal imaging of the TCS cytokinin signaling reporter (green) in whole inflorescences of 
WT and the drmy1-2 mutant. Chlorophyll autofluorescence: red. Scale bar: 20 μm. 
c, Confocal imaging of PIN1 immunolocalization experiments to show PIN1 accumulation in 
inflorescences and flowers of WT and drmy1-2. PIN1 exhibits polar localization in drmy1-2 
similar to wild type; however, it forms more convergence points in flowers. Blue/Red 
arrowheads: PIN1 convergence points. Inset: Same images in B and F with increased brightness 
to show the structure of the flowers. Scale bars: 20 μm. 
d, Confocal imaging of pPIN1::PIN1-GFP to show PIN1 accumulation in the inflorescences 
and flowers of WT and drmy1-2. Again, PIN1 form abnormal convergence points in drmy1-2. 
Blue/Red arrowheads: PIN1 convergence points. Scale bars: 20 μm. 
e, Images of whole plants for WT and drmy1-2, showing the bushiness and short stature of 
drmy1-2. Scale bar: 2 cm. 
f, Confocal images of root meristems for WT and drmy1-2. The regions specified by yellow 
arrowheads indicate the meristematic zone. Scale bar: 50 μm. 
g, Photograph of 10-day old seedlings for WT and drmy1-2, showing drmy1-2 has shorter roots 
and fewer lateral roots. Scale bar: 1 cm. 
h, Confocal images of inflorescence meristems for WT and drmy1-2 (Top view). Yellow dashed 
circles indicate how meristem sizes were measured in I. Scale bar: 50 μm. 
i, Quantification of inflorescence meristem sizes for WT and drmy1-2. Two-tailed Student’s t 
test * p-value < 0.05 (p-value for the mean of inflorescence meristem sizes, WT versus drmy1-
2: 2.01E-07). 
j, Histograms of divergence angles between siliques for WT and drmy1-2, showing the 
enhanced variability in phyllotaxy observed in drmy1-2 mutants. 137° is expected for spiral 
phyllotaxy observed in wild type. 
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Figure 2.4 Restricted auxin and cytokinin signaling are required for robust sepal initiation. 
a, Expression of the auxin response reporter DR5 (DR5::3XVENUS-N7, white) accumulates at 
the four incipient sepal initiation positions in WT. DR5 expression is lower and more diffuse in 
the drmy1-2 mutant. p35S::mCherry-RCI2A: red, plasma membrane; Scale bars: 10 μm. 
b, Expression of the cytokinin response reporter TCS (pTCS::GFP, green) accumulates at the 
four incipient sepal initiation positions in WT. TCS expression is enhanced and more diffuse in 
the drmy1-2 mutant. Chlorophyll auto-fluorescence: red; Scale bars: 10 μm. 
c, Quantification of DR5 signal in WT (blue) and drmy1-2 (red) in stage 2 flowers when no 
sepals have initiated yet. Signal was quantified radially for the 360 degrees of the approximately 
circular flower meristem. The top-left region between the outer sepal and the lateral sepal was 
defined as angle 0. Angles increased in the counterclockwise direction and normalized signal 
values within bins of the size of 1° are plotted. n = 10 for both WT and drmy1-2, and original 
individual sample curves can be found in Source Data. The average signal intensity of the 10 
replicates are presented as thick blue and red lines with the SD as partially translucent 
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background. Note that four clear peaks of DR5 signal are present in WT. In drmy1-2, the outer 
sepal peak is evident, although weaker, and the remainder of the flower signal is relatively low 
without evident clusters. 
d, Quantification of TCS signals in WT (blue) and drmy1-2 (red) flowers at stage 2 when no 
sepals have initiated yet. n = 10 for both WT and drmy1-2, and original individual sample curves 
can be found in Source Data. The average signal intensity of the 10 replicates are presented as 
thick blue and red lines with the SD as partially translucent background. Note that four clusters 
of TCS signal are evident in WT, whereas in drmy1-2, TCS expression is higher and tends to 
surround the meristem. 
e, Stage 6 flowers, where the sepals just close, from WT inflorescences cultured in 5 µM 
synthetic cytokinin BAP or mock media for 6 days. Blue arrowheads: delayed sepal initiation. 
Scale bars: 10 μm. Quantified in Supplementary Fig. 7c. 
f, Stage 6 drmy1-2 flowers from inflorescences cultured in 5µM BAP or mock media for 6 days. 
Red arrowheads: smaller sepals, indicating delayed sepal initiation. Scale bars: 10 μm. 
Quantified in Supplementary Fig. 7c. Note drmy1-2 flowers cultured in BAP exhibit phyllotaxis 
defects. 
g, The extent of disruption of auxin and cytokinin responses correlates with the degree of 
variability of sepal initiation timing. Mutation of ahp6, a cytokinin signaling inhibitor, has a 
very mild phenotype on its own, but enhances the drmy1-2 sepal initiation phenotypes. 
Quadruple mutations of the auxin receptors tir1afb1-1afb2-1afb3-1 (tir1afb1-2-3 for short) has 
a severely delayed sepal initiation phenotype. Cell walls stained with Propidium Iodide (PI) in 
grayscale. Yellow arrowheads: smaller sepal than normal, indicating the delayed sepal initiation. 
Scale bars: 50 μm. Note that tir1 afb1-2-3 mutants exhibit phyllotaxis defects. 
 

Strong and diffuse cytokinin responses in drmy1-2 mutants correlate with delayed 

sepal initiation. 

Through its crosstalk with auxin, the plant hormone cytokinin controls the precise 

timing of flower primordium initiation within inflorescence meristems28,29. Therefore, 

we tested whether cytokinin signaling is involved in sepal primordium initiation and 

was altered in drmy1-2 mutants using the cytokinin signaling reporter pTCS::GFP30. In 

wild-type flowers, pTCS::GFP was expressed in the four incipient sepal positions, 

consistent with a role for cytokinin in primordium initiation. In the drmy1-2 mutant, the 

expression of pTCS::GFP expanded and in some flowers formed a ring shape in the 

periphery of the floral meristem where the sepals should initiate (Fig. 2.4b and 

Supplementary Fig. 2.6b, quantified in Fig. 2.4d). drmy1-2 mutant plants also exhibited 
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additional phenotypes associated with increased cytokinin signaling: disordered 

sequence and positions of flowers around the stem (phyllotaxy)28, and enlarged 

inflorescence meristems31,32 (Supplementary Fig. 2.6h-j). 

 

Auxin and cytokinin signaling patterns are required for robust timing of sepal 

initiation. 

Based on the hormone signaling reporters and hormone related phenotypes, cytokinin 

response increased and auxin response decreased in drmy1-2 mutants. More importantly, 

the tight spatial localization of response reporters became more diffuse in drmy1-2. We 

therefore used three different ways to disrupt the auxin or cytokinin signaling and tested 

whether these disruptions could cause defects in the timing of sepal primordium 

initiation: increasing cytokinin, decreasing auxin signaling, and disrupting the crosstalk. 

First, we tested whether broadly increasing cytokinin signaling was sufficient to delay 

sepal primordium initiation by externally applying cytokinin to whole floral meristems 

in wild type. We cultured dissected wild-type inflorescences in 5 µM cytokinin (BAP) 

media or mock media for 6 days. Cytokinin-treated flowers exhibited delayed and more 

variable sepal primordium initiation, which mimicked the phenotypes of drmy1-2 

mutants (Fig. 2.4e and Supplementary Fig. 2.7a, quantified in Supplementary Fig. 2.7c). 

Similar to drmy1-2, the outer sepal is less affected (Fig. 2.4e and Supplementary Fig. 

2.7a, d). Further following the development of these flowers revealed that continued 

cytokinin treatments severely stunted growth and sepal size continued to be unequal 

(Supplementary Fig. 2.7g). We verified that cytokinin treatment not only increased TCS 
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signals but also made TCS expression more diffuse (Supplementary Fig. 2.8a). As 

controls, the cytokinin receptor mutant wol-1 was relatively insensitive to the treatment 

(Supplementary Fig. 2.8b) and the TCS reporter remained unaffected when the 

inflorescence was treated with auxin (0.1, 1, and 20 µM NAA), confirming its 

specificity to cytokinin (Supplementary Fig. 2.8c). Culturing drmy1-2 mutant 

inflorescences in 5 µM cytokinin also enhanced the sepal initiation defects even for the 

outer sepal (Fig. 2.4f and Supplementary Fig. 2.7b-d). This shows that the delay in organ 

initiation is not maximal in drmy1, and it further suggests that organ initiation delays 

are associated with disrupted cytokinin patterns. 
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Supplementary Figure 2.7 Cytokinin treatment mimics the drmy1-2 mutant. 
a,b, Confocal imaging of the whole inflorescences of WT (A) and drmy1-2 (B) cultured in mock 
conditions or 5 μM BAP (synthetic cytokinin) for 6 days. p35S::mCitrine-RCI2A: gray, for 
plasma membrane. Blue or red arrowheads: flowers with obvious delayed sepal initiation 
phenotypes. Scale bars: 50 μm. 
c, Graph characterizing the proportions of flower phenotypes observed after 5 µM BAP 
treatment for 6 days.  Normal phenotype (N, black) is defined as similar to wild type. Mildly 
affected phenotype (M, grey) is similar to drmy1-2. Severely affected phenotype (S, silver) is 
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more severe than drmy1-2. n = 23 (N: 23/23, M: 0/23, S: 0/23) flowers from 7 inflorescences 
for mock treated wild type; 42 (N: 4/42, M: 35/42, S: 3/42) flowers from 12 inflorescences for 
mock treated drmy1-2; 47 (N: 2/47, M: 14/47, S: 31/47) flowers from 16 inflorescences for BAP 
treated wild type; and 37 (N: 0/37, M: 3/37, S: 34/37) flowers from 18 inflorescences for BAP 
treated drmy1-2. Kolmogorov-Smirnov test was used to compare the distributions of different 
situations. p-value for WT mock versus drmy1-2 mock: 7.73 E-14; p-value for WT mock versus 
WT BAP: 1.67 E-16; p-value for WT BAP versus drmy1-2 mock: 4.53 E-9; p-value for WT 
BAP versus drmy1-2 BAP: 7.55 E-3; p-value for drmy1-2 mock versus drmy1-2 BAP: 1.95E-
15. 
d, Graph of flower radius to assess developmental stage.  The radii of flowers without sepal 
primordia (SP = 0) or with only the outer sepal primordium (SP = 1) were measured for wild-
type and drmy1-2 inflorescences cultured in either mock or 5 µM BAP for 6 days.  The critical 
size threshold for outer sepal initiation is specified with a yellow dashed line.  Note this size is 
the same for wild type mock and wild type BAP samples, indicating the stage of outer sepal 
initiation is not affected by BAP treatment. In contrast, for BAP treated drmy1-2, this 
characteristic size was more variable, consistent with the strongly enhanced phenotype. 
e, 5 µM BAP treatment on the DR5 auxin signaling reporter (white) for 3 days. p35S::mCherry-
RCI2A: red, for plasma membrane; Red arrowhead: indicates the same flower before and after 
the BAP treatment. Scale bar: 50 μm. Note the DR5 signal becomes more diffuse after cytokinin 
treatment. 
f, 5 µM BAP treatment on PIN1-GFP (cyan) auxin efflux carrier for 2 days. Red arrowhead: 
indicates the same flower before and after the BAP treatment; Scale bar: 50 μm. PIN1-GFP 
appears to form additional convergence points similar to drmy1-2. 
g, Long-term treatment of flowers with 5 µM BAP causes severe sepal size defects.  Wild-type 
inflorescences were cultured for 6 days on mock or BAP media, dissected to reveal flowers with 
initiating sepals, and further cultured for 14 days to examine the effects on sepal size. 
h, The sepal area distribution for mature wild-type (WT), drmy1-2, ahp6, drmy1-2ahp6, and 
tir1-1afb1-1afb2-1afb3-1 (tir1afb1-2-3 for short) sepals. The boxes extend from the lower to 
upper quartile values of the data and the whiskers extend past 1.5 of the interquartile range. 
Individual sample are indicated with small dots. Sepals from different flowers were pooled 
together. n = 35 flowers. Wild-type and drmy1-2 data was subsampled from that shown in 
Supplementary Figure 1b. Two-tailed Student’s t test * p-value < 0.05 (p-value for the mean of 
sepal area, WT versus drmy1-2: 2.70E-33; WT versus ahp6: 1.42E-38; WT versus drmy1-2ahp6: 
9.91E-25; WT versus tir1abf1-1afb2-1afb3-1: 1.22E-39). 
i, Average coefficient of variation (CV) calculated for the areas of all sepals in each single 
flower for wild-type (WT), drmy1-2, ahp6, drmy1-2ahp6, and tir1-1afb1-1afb2-1afb3-1. n = 35 
flowers. Two-tailed Student’s t test * p-value < 0.05 (p-value for the mean of CV, WT versus 
drmy1-2: 4.99E-14; WT versus ahp6: 1.75E-13; WT versus drmy1-2ahp6: 8.06E-16; WT versus 
tir1abf1-1afb2-1afb3-1: 3.31E-32). 
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Supplementary Figure 2.8 BAP treatment functions through cytokinin signaling. 
a, 5 µM BAP treatment on the TCS cytokinin signaling reporter (green) for 24 hours. Control 
showing that cytokinin treatment enhances TCS reporter expression. Chlorophyll 
autofluorescence: red. Scale bars: 50 μm. 
b, 5 µM BAP treatment on the cytokinin receptor mutant wol-1 for 4 days. Control showing that 
mutation of the cytokinin receptor (wol-1) abrogates delayed sepal initiation in response to 
cytokinin. Lower left flower removed during imaging. Cell walls stained with PI: gray. Scale 
bar: 50 μm. 
c, NAA (auxin) treatment in a gradient of concentration on the TCS cytokinin signaling reporter 
(green) for 24 hours. Auxin treatment did not enhance TCS reporter expression. Chlorophyll 
autofluorescence: red. Scale bars: 20 μm. 
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Having shown that enhanced cytokinin signaling could delay sepal initiation, we then 

checked whether reducing auxin signaling throughout the flower was sufficient to delay 

sepal primordium initiation. Auxin signaling is inhibited in the auxin receptor quadruple 

mutant tir1-1afb1-1afb2-1afb3-133 and we observed similar, but more severe defects in 

the timing of sepal primordium initiation defects compared with drmy1-2 (Fig. 2.4g). 

Thus, auxin signaling is also required for proper timing of sepal initiation. 

Finally, we tested whether crosstalk between auxin and cytokinin is necessary for robust 

sepal initiation. We found that 5 µM cytokinin made the DR5 auxin response reporter's 

signals more diffuse, as observed in drmy1-2 mutants (Supplementary Fig. 2.7e); this 

suggested that broader and increased cytokinin signaling may contribute to the diffuse 

DR5 auxin responses observed in drmy1-2 mutants. However, we noted that DR5 

expression levels did not decrease upon cytokinin treatment, in contrast with the drmy1-

2 mutant, implying that DRMY1 has a role in promoting auxin signaling. Furthermore, 

when treated with 5 µM cytokinin, the polarity pattern of PIN1-GFP appeared similar 

to that in drmy1-2 mutants (Supplementary Fig. 2.7f). 

In the inflorescence meristem, high auxin at floral primordia positions activates 

MONOPTEROS (MP), which induces the expression of Arabidopsis HISTIDINE 

PHOSPHOTRANSFER PROTEIN 6 (AHP6). AHP6 acts as a cytokinin signaling 

inhibitor to define a brief period during which auxin and cytokinin signaling overlap to 

trigger primordium initiation28,29. In the ahp6 mutant, initiation of sepal primordia was 

mildly affected compared to drmy1-2 (Fig. 2.4g). Thus, DRMY1 plays a more 

prominent role to ensure the robustness of sepal primordium initiation than AHP6. In 
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ahp6drmy1-2 double mutants, the delayed initiation phenotype was enhanced (Fig. 

2.4g), suggesting that DRMY1 and AHP6 regulate robustness in primordium initiation 

synergistically. Taken together, our results suggest that DRMY1-dependent patterns of 

auxin and cytokinin signaling are critical for the robust temporal pattern of sepal 

initiation. 

To further test whether timing of initiation is crucial for robust organ size, we measured 

sepal size at maturity for ahp6, drmy1-2ahp6, and tir1-1afb1-1afb2-1afb3-1. All showed 

more variable sepal size consistent with the more variable sepal initiation 

(Supplementary Fig. 2.7h, i). 

 

Focused auxin and cytokinin signaling regions define zones of competence for sepal 

initiation. 

How do the spatial patterns of auxin and cytokinin signaling determine the temporal 

pattern of sepal initiation? To answer this question, we used live imaging to track 

expression of the DR5 auxin response reporter and the TCS cytokinin response reporter 

throughout the initiation of sepal primordia in developing flowers (Fig. 2.5a,). In wild-

type incipient sepal primordia before initiation, the DR5 auxin response signal 

accumulated first in the outermost (L1) cell layer. Simultaneously, the TCS cytokinin 

response reporter was expressed directly below the DR5 signal. Both signals were 

restricted to incipient sepal positions. Over time, the DR5 signal invaded the inner cell 

layers (L2 and L3) leading to the coexistence of DR5 and TCS signals. After this overlap, 

we observed the outward bulges of primordium initiation. Then TCS and DR5 signals 



75 

separated again. TCS signal remained at the base of the growing sepal, complementary 

to the DR5 signal which accumulated at the tip. In drmy1-2 mutants, the invasion of 

DR5 signal into the inner cell layers was decreased and delayed at the inner sepal (Fig. 

2.5b, c). Simultaneously, TCS expression was expanded around the periphery of the 

floral meristem and not limited to the incipient sepal positions in drmy1-2 (Fig. 2.5d, e). 

Slowly the TCS signal resolved to a sharp domain of expression at the incipient sepal 

position in drmy1-2 mutants (Fig. 2.5e). Once both the sharp TCS domain and the DR5 

invasion were achieved, the drmy1-2 inner sepal bulged out, indicating initiation. 

Although delayed, the focused domains of reporter expression were still eventually 

established in drmy1-2 mutants. Our results suggest that establishing precisely localized 

and limited domains of both auxin and cytokinin signaling is required for sepal initiation, 

and that sepal initiation is variably delayed in drmy1-2 until such precise domains can 

be established. 
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Figure 2.5 Spatiotemporal patterns of auxin and cytokinin signaling regulate the timing 
of sepal initiation. 
a, Dual marker live imaging tracking DR5 (auxin, cyan nuclei) and TCS (cytokinin, yellow) 
signaling reporter expression throughout sepal initiation in WT. Longitudinal sections through 
the developing flower are shown with outer sepal on the right and inner sepal on the left. 
Chlorophyll (grey) outlines the morphology of the flowers. Yellow arrowheads: overlapping 
DR5 and TCS signals; Blue arrowheads: separation between DR5 and TCS; White arrow: sepal 
initiation event; Scale bar: 10 μm. 
b,c, Live imaging of DR5 auxin signaling reporter (white) expression throughout sepal initiation 
in both WT (b) and the drmy1-2 mutant (c). Longitudinal sections through developing flowers 
are shown with outer sepal on the right and inner sepal on the left. p35S::mCherry-RCI2A: red, 
plasma membrane; blue and red arrows indicate the sepal initiation. Note that the invasion of 
DR5 into inner layers is delayed of the inner drmy1-2 sepal and is followed immediately by 
outgrowth. Scale bar: 20 μm. 
d,e, Live imaging tracking TCS cytokinin signaling reporter expression (white) throughout 
sepal initiation in both WT (d) and the drmy1-2 mutant (e). Top view of the developing flower 
shown with outer sepal on the top and inner sepal on the bottom. Blue and red arrows indicate 
sepal initiation. Chlorophyll autofluorescence: red; Scale bar: 20 μm.  
f,g, Cellular growth heatmap throughout sepal initiation in WT (f) and drmy1-2 (g). Top view 
of the flowers with the outer sepal at the top and the inner sepal at the bottom. For the heatmap, 
red indicates high relative growth rate while blue indicates low relative growth rate. Relative 
growth rate is defined as final cell size divided by initial cell size. White arrowheads: the band 
of cells with slower growth which specify the boundary between initiating sepals and the center 
of floral meristem. Blue and red arrows indicate the sepal initiation. Segmented cells are 
outlined in yellow. Scale bar: 10 μm. 
For all live imaging series, the time point when outer sepal primordia emerged were defined as 
time point 0. Images were staged relative to the timing of outer sepal initiation (0h). 
h, DRMY1 ensures the focused hormone signaling and reduced cell wall stiffness during the 
sepal initiation process, thus making temporal sepal initiation pattern robust. The robust timing 
of sepal initiation is crucial for the sepal size robustness both throughout growth and at maturity. 
 

Tightly localized cell growth is associated with primordium initiation. 

Auxin and cytokinin regulate cellular growth19,34,35. Since the spatiotemporal 

accumulation of hormone reporters was disrupted in drmy1-2, we also tested whether 

cell growth was affected during primordium emergence. The bulging of primordia 

requires both tightly localized regions of fast longitudinal growth at the periphery and 

slow latitudinal growth at the boundary between the primordium and the meristem 

center36,37. We analyzed the cellular growth rates and growth anisotropy of emerging 

primordia from live imaging, which were developmentally staged by the outer sepal 
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morphology (Supplementary Fig. 2.9). In both wild type and drmy1-2 mutants, before 

sepal initiation, cells grow heterogeneously without clear spatial pattern. Primordium 

initiation occurred with the appearance of a coordinated zone of fast-growing cells at 

the periphery and a tight band of slow growing cells at the boundary. For wild type, this 

switch to orchestrated spatial growth regions occurred at the inner sepal about 6 hours 

after the outer sepal (Fig. 2.5f, and Supplementary Fig. 2.9a), corresponding to the 

previous quantification of time intervals between sepal initiation (Fig. 2.2e, f). For 

drmy1-2, although fast and slow growth regions began normally for the outer sepal, 

cellular growth within the inner sepal region remained heterogeneous 6 hours after the 

outer sepal initiation (Fig. 2.5g, and Supplementary Fig. 2.9b). As an independent test, 

we analyzed growth anisotropy. A switch from isotropic growth to highly anisotropic 

growth led to primordium initiation in both WT and mutant (Supplementary Fig. 2.9c). 

In drmy1-2, the cellular growth at the regions where the inner sepal should initiate 

remained isotropic and randomly oriented during the time interval we analyzed 

(Supplementary Fig. 2.9d). Thus, in drmy1-2, the inability to create tightly localized 

auxin and cytokinin signaling patterns coincided with stiffer cell walls and the inability 

to create tightly localized growth patterns, delaying initiation. 
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Supplementary Figure 2.9 Cellular growth remains heterogeneous and randomly oriented 
for the drmy1-2 inner sepals. 
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a,b, Cumulative 18-hour cellular growth heatmap for both WT (a) and drmy1-2 (b) floral 
meristems. White dashed boxes highlight the bands of cells with slower growth rate which 
specify the boundary. They are always adjacent to the fast growth regions at the periphery, 
where sepals initiate. Segmented cells outlined in yellow. Three replicates are shown. Note that 
the drmy1-2 replicate 1 grows relatively normally. Scale bars: 10 μm. 
c,d, 18-hour cellular growth anisotropy heatmap for the same WT (c) and drmy1-2 (d) floral 
meristems. Growth anisotropy was calculated by dividing the cell stretch at the maximum 
direction by the cell stretch at the minimum direction. Cyan indicates higher growth anisotropy 
while black indicates lower growth anisotropy. White lines within the cells shows the maximum 
principle directions of growth. The initiating regions have higher anisotropy with the periphery 
part showing longitudinal growth and the boundary parts showing latitudinal growth. Scale bars: 
10 μm. 
e, Side views of the floral meristems at the last time points with outer sepals on the right and 
inner sepals on the left. The morphology of outer sepals was used for staging and appears 
equivalent in all samples. Arrowheads: the initiation/bulging of sepals from floral meristems. 
Scale bars: 10 μm. 
 

Discussion 

In this study, we report that DRMY1 ensures sepal size uniformity by coordinating the 

timing of sepal initiation (Fig. 2.5h). Because the drmy1-2 mutant delays but does not 

block sepal initiation, it provides insights into the mechanisms controlling the timing of 

organ initiation. It is well established that the pattern of auxin accumulation sets the 

position of organ initiation20–23. We observe that the sepal primordium does not emerge 

as soon as auxin signaling markers become apparent (Fig. 2.5a). Instead, stable focused 

regions of auxin and cytokinin signaling appear to define competency zones which give 

rise to tightly localized growth patterns required for organ initiation (Fig. 2.5h). In the 

case of auxin, a key event in the establishment of this focused region appears to be the 

invasion of auxin signaling into underlying cell layers, which later begin vascular 

development38. Consistent with our results, this auxin invasion has been shown to 

stabilize the positions at which floral primordia form in inflorescence meristems38. 

Auxin promotes growth through loosening the cell wall, and cell wall stiffness feeds 
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back to regulate the polarity of the auxin efflux transporter PIN139,40. It remains for the 

future to determine how DRMY1 impinges on this feedback loop between cell wall 

stiffness, growth, and hormones. 

 

Timing is important for developmental robustness in animals41. For example, the 

robustness of somite size is generated by the precise timing of the somite segmentation 

clock42. An implication of this work in Arabidopsis is that developmental timing of 

initiation can have cascading effects on organ size. In drmy1-2 mutants, the late-

initiating sepals remain smaller throughout development, so that sepal size remains 

variable. One might hypothesize that higher variance originates from altered average 

size. However, we have previously shown and also see here (Fig. 2.3f, and 

Supplementary Fig. 2.1e) that decreasing sepal sizes does not automatically lead to 

increased sepal size variability in mutants14. Thus, the loss of regularity is not simply a 

side effect of decreased average sepal size. In sepals, uniformity of size is required 

throughout their growth to enclose the flower bud completely, creating a barrier with 

the external environment11. Thus, traditional compensation mechanisms that delay 

maturation and termination of growth until the organs reach the right size, such as dilp8 

in Drosophila9,10, serve no purpose in sepals. We conclude that mechanisms ensuring 

precise timing of initiation make major contributions to robustness of organ size, when 

this is required throughout development. To explain why defects in timing of initiation 

cause defects in final organ size, we hypothesize that maturation and cessation of growth 

of the sepals occurs synchronously. If maturation occurs synchronously in wild type, 

we would expect that flowers with slightly larger outer sepals also have slightly larger 
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inner sepals, because all of the sepals would have grown more before maturation. We 

indeed observed this correlation (Supplementary Fig. 2.4f). We have previously shown 

in vos1 mutants that disruption of synchrony in the timing of maturation causes 

increased sepal size variability14. Here we show in drmy1-2 mutants that disruption of 

synchrony in timing of imitation also causes increased sepal size variability. Thus, our 

results are consistent with the hypothesis that organs can achieve robustness in size 

throughout their development by synchronization of initiation and maturation. 
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Materials and Methods 

Plant Growth Conditions 

Most of the plants were grown in soil under 24-hr fluorescent light conditions (∼100 

µmol m−2 s−1) at 22°C in Percival growth chambers. Plants used for live imaging were 

grown in soil under a day-long cycle of 16h of light (∼100 µmol m−2 s−1) and 8h of dark 

at 22°C in a Percival growth chamber, in order to produce relatively larger shoot apical 

meristems (SAMs). These different growth conditions did not affect the drmy1 mutant 

phenotypes we reported here. All seeds were sown on Lambert Mix LM-111 soil and 

cold-stratified at 4°C for 2 days. Plants used for root phenotyping were grown in ½ 

Murashige and Skoog (MS) media (pH5.7, 1% agar) under 24-hr fluorescent light 

conditions (∼100 µmol m−2 s−1) at 22°C in Percival growth chambers. 

 

Mutations and genotyping 

In this study, we primarily use Arabidopsis thaliana accession Col-0 as the wild-type 

plants. As described in Hong et al., 201614, variable organ size and shape (vos) mutants 

were isolated from an M2 population of ethyl methanesulfonate (EMS) mutagenized 

Col-0. The vos2 (drmy1-2) mutant was back crossed to Col-0 three times to segregate 

unrelated mutations before further characterization. The vos2 (drmy1-2) mutant was 

then crossed with an Arabidopsis Landsberg erecta accession plant to generate a 

mapping population. The vos2 (drmy1-2) mutated gene was identified through map-

based cloning following the standard procedure described in43. The vos2 (drmy1-2) 

mutation was mapped to an interval containing 97 genes on chromosome 1 between 
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21.3M and 21.7M. The vos2 (drmy1-2) mutant contains a G to A mutation at the junction 

between the third intron and the fourth exon within the DEVELOPMENT RELATED 

MYB-LIKE 1 (DRMY1, AT1G58220) gene, which was predicted to cause splicing 

defects that were later verified experimentally. The drmy1-2 G to A point mutation was 

genotyped through PCR amplification with the dCAPs (Neff et al., 2002) primers 

oMZ113 and oMZ114 (sequences in Supplementary Table 2.1), followed by the 

digestion of PCR products with DdeI to produce 74-bp WT products and 100-bp mutant 

products. We crossed vos2 (drmy1-2) with drmy1-1 (with a T-DNA insertion in the first 

intron; SALK01274615) to test for allelism. The resulting F1 exhibited the drmy1 mutant 

phenotypes indicating these mutations failed to complement and are allelic. To verify 

the splicing defects, the mRNA was extracted from the drmy1-2 mutant inflorescences, 

followed by RT-PCR to generate cDNAs. Mutated DRMY1 CDS was amplified with 

primers listed in Supplementary Table 2.1 and then inserted into pENTR-D-TOPO 

vectors (Invitrogen). The resultant plasmids were then purified and sequenced with 

commercial primer M13F. 

Supplementary Table 2.1 Information about the primers used in this paper. 

Purpose Primer name Primer sequence 

Genotyping 
for drmy1-2 

oMZ113 (5’ 
primer) TAAGTTTCCTGCTTTTCTTTCCTTTCTTA 

oMZ114 (3’ 
primer) TCAAGGGAGCCTCAACCGTT 

DRMY1 
promoter    

with 5’UTR 

oMZ70 (5’ primer) TTTGATACTAAGCTCTACTACTAATTTC 

oMZ72 (3’ primer 
with AscI site) 

AGTAAATGAAGGTACCATATGGCGCGCCTTT
TTGTTCGTGGTTTGTAA 

DRMY1 
terminator   

with 3’ UTR 

oMZ73 (5’ primer 
with KpnI site) 

CGAACAAAAAGGCGCGCCATATGGTACCTTC
ATTTACTTCATTGTTTTTG 

oMZ55 (3’ primer) TCAGTCAATCATCTATTTGTTATTTG 
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Gateway 
cassette       
(with 

Restriction 
sites) 

oXQ5 (5’ primer 
with AscI site) cggcgcgccATCAACAAGTTTGTACAAAAAAGCT 

oXQ6 (3’ primer 
with KpnI site) cggtaccATCAACCACTTTGTACAAGAAAGCT 

DRMY1 
CDS 

oMZ47 (5’ primer) CACCAAAATGGTTGATAACAGTAACAATAA
G 

oMZ49 (3’ Primer) CTACAACTCCTTCAGTCCGGTCCC 

DRMY1 
CDS             

(for fusion 
protein) 

oMZ47 (5’ primer) CACCAAAATGGTTGATAACAGTAACAATAA
G 

oMZ79 (3’ primer 
with linker 
sequence) 

ggcagcggcagcggcagctggagcggcagcCAACTCCTTCA
GTCCGGTCCCT 

qRT primers 
for DRMY1 

(before 
mutation) 

oMZ88 (5’ primer) CAGACATCGCCACTCTTTTGC 

oMZ89 (3’primer) CTTGTCTTCTTCACTAACTCATTCC 

qRT primers 
for DRMY1 

(across 
mutation) 

oMZ84 (5’ primer) CGCATGTGAAAGTGATGGCTG 

oMZ85 (3’ primer) GAGTCTGATGGTTCCTGAGGC 

mCitrine                    
(for fusion 

protein) 

oMZ90 (5’ primer 
with linker 
sequence) 

gctgccgctccagctgccgctgccgctgccATGGTGAGCAAG
GGCGAGGA 

oMZ91 (3’ primer) CTAGAATTCGGATCCGGCCGCTGC 

Genotyping 
for tir1 

(NcoI cut 
WT) 

oMZ158 (5’ 
primer) TGCGAAGGCTTCTCCACCCATG 

oMZ159 (3’ 
primer) ACACAAGGGAGTCTTCTTGATGA 

Genotyping 
for afb1 

oMZ160 (5’ 
primer) CGTCTCTGTGTGATAGAGCC 

oMZ161 (3’ 
primer) AGAGAGAAGACCAGAGACGG 

WiscDsLox p745 
(T-DNA) AACGTCCGCAATGTGTTATTAAGTTGTC 

qRT primers 
for afb2 

oMZ154 (5’ 
primer) TTGGAGCAATCGTCAAAGCC 

oMZ155 (3’ 
primer) CGAGCTGATTCGCGTACATT 

Genotyping 
for afb3 

oMZ156 (5’ 
primer) CGCAGCTAGTGGACTTAGGA 
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Flower staging 

All the flower staging was based on Smyth et al.44. 

 

Photographing of flowers, inflorescences, and whole plants 

Stage 12 and 15 flowers were dissected from the primary branches and put onto black 

papers. Primary inflorescences were dissected, and their stems were captured with 

tweezers for positioning. Black paper was also put under the tweezers. A Canon 

Powershot A640 camera on a Zeiss Stemi 2000-C stereomicroscope was then used to 

photograph the flowers and inflorescences with black background. Whole plants of both 

WT and drmy1-2 were taken from the soil and washed. They were then put on the black 

cloth. Photographs of whole plants were then taken with Canon Powershot SD1300 

camera. 

  

oMZ157 (3’primer) ATCCTAACATATGGTGGTGC 

WiscDsLox p745 
(T-DNA) AACGTCCGCAATGTGTTATTAAGTTGTC 

Genotyping 
for wol-1 
(DdeI cut 
mutants) 

oMZ129 (5’ 
primer) 

GCGAGCTAGAGAAACCGGAAAAGCTGTCTT
GC 

oMZ130 (3’primer) AGACTTGTAGACAGGGAATG 

Genotyping 
for ahp6 
(PstI cut 

WT) 

oMZ143 (5’ 
primer) GGACGAGCAGTTCTTGCAGCTTCTG 

oMZ144 (3’primer) ACTTCTCGGATTCATCAAAGTAG 
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Sepal area and shape analysis 

Full-size, mature, stage 15 sepals were dissected from the flowers for analysis. For sepal 

area and shape variability comparison between wild-type and drmy1-2 mutants, we 

selected the 10th to 25th flowers from the main branch (primary inflorescence) because 

they are relatively consistent in wild type as confirmed by Hong et al.14. For 

quantification of the mean and variance of the four sepals within a single flower, we 

dissected sepals throughout development from the earliest flower we could start 

(ranging from the second one to the fifth one) to the latest flower we could get (ranging 

from the 50th one to the 65th one) on the main branch. The sepal contour extraction 

analysis was done as described in Hong et al.14. Briefly, the dissected sepals were 

flattened between slides and photographed with Canon Powershot A640 camera on a 

Zeiss Stemi 2000-C stereomicroscope. Custom python scripts were then used to extract 

the contour from each sepal photo and quantify the area and shape variability (scripts 

available in the supplementary material Data S1 of Hong et al.14).The coefficient of 

variation (CV) of sepal areas was calculated by dividing the standard deviation by the 

mean of four sepal areas within a flower. For sepal area correlation, the outer sepal area 

was plotted as a function of the inner sepal area for individual flowers. In addition to 

plotting the values, we used a Gaussian kernel to estimate their probability density 

function (using scipy, stats library). We represented the probability density function 

with labelled contour lines shaping the density. We used a bandwidth factor of 0.5, 

chosen as to ease the reading of data distribution. 
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Meristem size analysis 

The confocal image z-stacks of WT and drmy1-2 inflorescences were collected with the 

inflorescence meristem well exposed through dissection. The LSM images were then 

converted to TIFF format with FIJI. The TIFF files were loaded into MorphoGraphX 

and oriented such that the center of the inflorescence meristem faced straight up. 

Screenshots were saved and loaded into FIJI again. For each meristem, the biggest circle 

was drawn to include the inflorescence meristem without capturing any emerged 

flowers. The areas of the circle were then measure and converted to square microns. 

 

Phyllotaxy analysis 

The phyllotaxy measurement and analysis was done followed the procedure described 

in Peaucelle et al., 200745 and Besnard et al., 201428. Briefly, WT and drmy1-2 plants 

were grown in parallel. When the plants had more than 40 stage 17 siliques, the plants 

were attached to the device as shown in Peaucelle et al., 2007 Figure S1A. Divergence 

angles were then measured and recorded into the Excel file. R functions (provided by 

Fabrice Besnard) were then used for analysis and generating plots. 

 

Permutation test to confirm the difference between two populations 

We used the permutation test to determine whether size distributions of sepals were 

significantly different between WT and drmy1-2. The permutation test does not require 
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the knowledge of the underlying distribution functions. The permutation test was done 

as described in Hong et al.14. 

 

Scanning electron Microscopy (SEM) observation 

SEM was performed with a Leica 440 through the Cornell center for Materials Research 

Shared Facilities (Supported through NSF MRSEC program DMR-1719875) as 

described in Roeder et al.46. 

 

Live imaging of sepal initiation and growth 

½ MS media containing 1% sucrose, 0.25x vitamin mix, 1μL/mL plant preservative 

mixture and 1% agarose (Recipe modified from Hamant et al.47) was poured into the 

small Petri dishes (Fisher 60mm • 15mm) for positioning inflorescences and supporting 

growth. In this paper, we used two different methods to dissect and position the 

Arabidopsis inflorescences for live imaging. The first method, viewing the 

inflorescence from the side, was modified from Roeder et al.46. First, we removed the 

MS media from half of the Petri dish to create space for the inflorescence. Inflorescences 

of plants expressing the plasma membrane markers pLH13 (35S::mCitrine-RCI2A, 

yellow plasma membrane marker;48) were dissected with a Dumont tweezer (Electron 

Microscopy Sciences, style5, Cat #72701-D). Overlying older flowers from one side 

were removed to expose the stage 4 flowers. The inflorescences were taped to a cover 

slip to ensure the correct orientation. The cover slip was then positioned in the Petri dish 

with the base of inflorescence stem inserted into the MS media. We then taped the Petri 
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dish to the sides of the Percival growth chambers with inflorescence vertical and the 

bottom of the dish facing outwards to avoid growth bending. This method was mainly 

used for imaging the early stage lateral and outer sepal development. 

In the second method, we imaged the inflorescence from the top, similar to the method 

reported in Hamant et al.47. Primary inflorescences containing p35S::mCitrine-RCI2A 

(pLH13), or DR5:: 3XVENUS-N7 (Auxin response reporter20), or pTCS::GFP 

(Cytokinin response reporter49), or both DR5::3XVENUS-N7 and p35S::mCherry-

RCI2A (pMZ11, LR reaction between pENTR with mCherry-RCI2A (pHM52) and 

pB7WG2 (destination vector with p35S), red plasma membrane marker), or both 

DR5::3XVENUS-N7 and pTCS::GFP were dissected with tweezers and then the stem 

was inserted into the MS media positioning the inflorescence upright. Further dissection 

with the tip of the tweezer or a needle was done to remove all the flowers older than 

stage 4. This method was used for imaging the initiation of sepal primordia and the late 

stage abaxial sepal development. 

After dissection and positioning, the Petri dishes were kept in the growth chamber at 

least 6 hr for plant recovery before live imaging. The chosen flowers were imaged every 

6 hr (sepal initiation), 12 hr or 24 hr (organ growth) with a Zeiss 710 confocal 

microscope. For long-term live imaging which lasted for more than 6 days, we 

transferred the inflorescences from the old Petri dishes to newly made fresh ones for 

keeping active growth every three days. Before imaging, the inflorescences were 

immersed in the water for at least 10 minutes and 20x Plan-Apochromat NA 1.0 water 

immersion objective was used for imaging. The wave lengths for the excitation and 
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emission for the florescent proteins were indicated in Supplementary Table 2.2. The 

depth of z-sections was set to 0.5 µm (live imaging for sepal growth) or 1 µm (live 

imaging for sepal initiation or reporter patterning). The resultant LSM files were 

converted and cropped with FIJI. MorphoGraphX was used for visualization of the 

spatial distribution of florescent signals and creation of digital longitudinal sections. 

Supplementary Table 2.2 Information about the fluorescent signals used in this paper. 

Fluorescent signals Excitation Emission 

mCitrine/VENUS 514 nm 519 - 621 nm 

VENUS (when together with mCherry) 514 nm 519 - 578 nm 

mCherry 594 nm 599 - 687 nm 

GFP 488 nm 493 - 598 nm 

GFP (when imaged together with VENUS) 488 nm 493 - 523 nm 

Chlorophyll 488 nm 647 - 721 nm 

PI (Propidium iodide) 514 nm 566 - 656 nm 

 

Image processing for growth quantification 

Image processing and growth quantification were performed as described in Hong et 

al.14. Briefly, the confocal stacks collected from the live imaging of sepal growth were 

converted from LSM format to TIFF format with FIJI. The images were then imported 

into MorphoGraphX50. Sample surfaces were detected and meshes of the surface were 

generated. Fluorescent signals were then projected onto the meshes and cells were 

segmented on the meshes. For cellular growth, cell lineages were defined manually and 

cell area between different time points were compared to quantify growth rates. 

Heatmaps were generated to visualize the areal growth rate and the values for the growth 

rate of each cell were then exported to CSV files. Graphs of growth trends were 



92 

generated with the analysis of the CSV files in Microsoft Excel. The cell division 

heatmap was also generated based on the cell lineages, presenting how many daughter 

cells originated from one mother cell. The analysis of Principal Directions of Growth 

(PDG) was also done with MorphoGraphX, following the user manual. Briefly, the two 

meshes of two different time points were loaded together with the parent label. Check 

correspondence was done to make sure there were no errors of cell junctions. The 

growth directions were then computed and “Aniso (StrainMax versus StrainMin)” and 

“StrainMax” were visualized on meshes. 

 

Analysis of spatiotemporal variability in the growth of cell area 

The analysis of spatiotemporal variability in the growth of cell area was done as 

described in Hong et al.14. Briefly, the cellular growth rates were quantified with 

MorphoGraphX. To calculate the local spatial variability, the areal growth rates for the 

cell of interest and its surrounding cells were defined and calculated with the Varea 

equation. To calculate the temporal variation, the areal growth rates for the cell of 

interest at one time frame and the following time frame were defined and calculated 

with the Darea equation. Both Varea and Darea were calculated for WT and drmy1-2 flowers 

at the same stages and plotted. 

 

Gaussian curvature measurement 

The LSM flies from live imaging were first converted to TIFF files with FIJI. The TIFF 

files were then loaded in MorphoGraphX on Stack1. The following procedures were 
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performed: Gaussian blur stack 3 times (X/Y/Z sigma (µm) = 1); Edge detection 

(Threshold = 7000, Multiplier = 2.0, Adapt Factor = 0.3, Fill Value = 30000); Marching 

cube surface (Cube size (um) = 8, Threshold = 20000); Subdivide mesh 2 times; Smooth 

mesh (Passes = 5) 2 or 3 times; Project mesh curvature (Output = blank, Type = 

Gaussian, Neighborhood (um) = 10, Autoscale = no, Min Curv = -0.002, Max Curv = 

0.002, Autoscale percentile = 85); Save the screenshot to JPEG images. 

 

Imaging of reporter lines 

Primary branches of the reporter line plants (DR5::3XVENUS-N7, pTCS::GFP, PIN1-

GFP, pDRMY1::3XVENUS-N7, pDRMY1::DRMY1-mCitrine, p35S::mCitrine-RCI2A) 

were dissected with tweezers and inserted upright into ½ MS media (containing 1% 

sucrose, 0.25x vitamin mix and 1% Agar) poured into small Petri dishes. The samples 

were immersed in the water for 30min and then further dissected with the tip of tweezers 

to remove all unnecessary flowers. After dissection, the inflorescences were put in the 

growth chamber for 6 hours for recovery and then imaged with 20x Plan-Apochromat 

NA 1.0 water immersion objective on a Zeiss 710 confocal microscope. 

The seedlings of both WT and drmy1-2 with p35S::mCitrine-RCI2A were grown in ½ 

MS media (containing 1% sucrose, 0.25x vitamin mix and 1% agar) for around 5 days 

with Petri dishes placed vertically. The seedlings were then well positioned into 

waterdrops loaded in advance on the slides. After putting on the cover slip, the roots 

were imaged with 20x Plan-Apochromat NA 1.0 water immersion objective on the Zeiss 

710 confocal microscope. 
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The excitation and emission wavelength for the fluorescent proteins are indicated in 

Supplementary Table 2.2. 

Cytokinin (BAP) and auxin (NAA) treatments 

Primary inflorescences containing target reporters were dissected and inserted into ½ 

MS media coated small Petri dishes. The inflorescences were then put into the chamber 

for at least 6 hours for recovery. Cytokinin or auxin containing ½ MS media were made 

following the ½ MS media recipe mentioned before, with specific volumes of the 0.5g/L 

synthetic cytokinin (BAP) stock solution (kept in -20°C) or 5mM/L synthetic auxin 

(NAA) stock solution (kept in 4°C) for specific concentrations. The inflorescences were 

then transferred to the cytokinin or auxin containing ½ MS media for the external 

cytokinin or auxin treatments. 20x Plan-Apochromat NA 1.0 water immersion objective 

on the Zeiss 710 confocal microscope was again used for image collection. For the long-

term BAP treatment, the primary inflorescences containing plasma membrane markers 

were dissected to expose early stage flowers for confocal imaging. The inflorescences 

were then transferred to fresh BAP containing media and cultured in the Chamber for 

another 14 days before the final round of confocal imaging. For the BAP treatment, 

pTCS::GFP reporter lines were used as the positive control. The cytokinin receptor 

mutant wol was used as the negative control because it was relatively insensitive to the 

BAP treatment. 

  



95 

PIN1 immunolocalization 

PIN1 immunolocalization was done with the modified procedure described in Qi et al.51. 

Briefly, the primary branches of WT and drmy1-2 plants were dissected with tweezers 

and inserted upright into ½ MS media (containing 1% sucrose, 0.25 x vitamin mix and 

1% agar) poured into small Petri dishes. The meristem was fixed in FAA (3.7% 

formaldehyde, 5% acetic acid, 50% ethanol) for 1 hour. Ethanol gradient treatment was 

used to remove chlorophyll. Cocktail enzyme treatment helped to puncture the cell wall 

to allow absorption of antibodies. After blocking with 3% BSA, PIN1 antibody (PIN 

AP20, Santa Cruz Biotechnology) was applied to the samples, followed by the treatment 

of the secondary antibody (anti goat 488). The inflorescences were then mounted 

upright into 1% agarose medium and imaged with a confocal microscope. 

 

Atomic force microscopy (AFM) and data analysis 

To prevent vibrations, dissected meristems were inserted vertically into ½ MS media 

(containing 1% sucrose, 0.25 x vitamin mix, 1% agar, pH 5.7) coating a 60 mm Petri 

dish (Falcon 60 mm • 15 mm, Corning Ref. 351007). In order to better stabilize the 

sample against movements/vibrations that can occur during indentation measurements, 

0.8% low melting agarose melted in the water was added in order to make a dome 

around the sample, covering all but the top of the inflorescence meristem. 

AFM experiments were performed on a stand-alone JPK Nanowizard III microscope, 

equipped with a CellHesion module, driven by JPK Nanowizard software 6.0. The 

CellHesion module allows the use of a 100 µm-range Z piezo, located into the 
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microscope stage, increasing the available Z range by several times compared to the 

head Z piezo (around 15 µm). The acquisitions were done in Quantitative Imaging mode 

(QI). The experiments were performed in Milli-Q purified (MQ) water, that was added 

into the Petri dish 30 min to 1 hour before the beginning of the measurement to maintain 

meristem hydration. We used a silica spherical tip (Special Development SD-sphere-

NCH, Nanosensors) mounted on a silicon cantilever with a nominal spring constant of 

42 N/m, and a radius of 400 nm. Scan size was generally of 50 µm with pixel size of 

500 nm (e.g. 100 pixels for 50 µm scan size). The applied trigger force was of 1 µN, a 

force corresponding to 200-300 nm of maximum indentation, in order to indent the cell 

wall only52,53. The ramp size was of 2 µm (1000 data points per curve), approach speed 

of 100 µm/s, and retract speed of 100 µm/s. 

Cantilever calibration was performed following the standard thermal noise method. We 

measured the deflection sensitivity by doing a linear fit of the contact part of a force 

curve acquired on a sapphire sample in MQ water. Then, we determined the spring 

constant by acquiring the thermal noise spectrum of the cantilever and fitting the first 

normal mode peak using a single harmonic oscillator model. The same tip was used for 

several experiments in different days, as long as possible. In order to reduce the offsets 

in force that can be introduced by each new calibration, especially by the measurement 

of the deflection sensitivity, we followed the SNAP protocol developed by Schillers et 

al.54. Since our cantilevers have not been independently calibrated by the manufacturer, 

we consider the spring constant value found at the first calibration as the reference value. 

In the following calibrations, we correct the deflection sensitivity following SNAP, in 

order to obtain the same spring constant each time by thermal tune analysis. Then, the 
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new deflection sensitivity and the reference spring constant will be set in the 

instrument’s software. 

Data analysis was done using JPK Data Processing software 6.0. Force vs height curves 

were first flattened by removing the result of a linear fit done over a portion of the non-

contact part (baseline), in order to set this part to 0 force. A first estimation of the point 

of contact (POC), was obtained considering the first point crossing the 0 of forces, 

starting from the end of the approach curve (i.e. trigger force position). The force vs. 

tip-sample distance was then obtained calculating a new axis of distances as Height [m] 

– tip deflection d [m]. Young’s modulus was obtained by fitting the entire force vs tip-

sample distance curve with a Hertz model (as it is called in the JPK Data Processing 

software). The equation used for fitting has been derived as described in Sneddon55: 

 

𝜹 =
𝒂
𝟐 𝐥𝐧 (

𝑹 + 𝒂
𝑹 − 𝒂, (1) 

𝑭 = 𝑬∗ 0
𝑹𝟐 + 𝒂𝟐

𝟐 𝐥𝐧
𝑹 + 𝒂
𝑹 − 𝒂 − 𝒂𝑹1 

(2) 

 

where R is the tip radius, δ and F the obtained indentation and the applied load, the 

radius of the contact area and E* the reduced modulus = E / (1 – n2), n being Poisson’s 

ratio, E being referred to as simply Young’s modulus in this study. (Note the typo in Eq. 

(6.15) of Sneddon, 1965 for F – there is an extra factor 1/2 in front of the −aR term.) 

In order to express F as a function of δ, we can expand it in powers of δ/R finding: 
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𝑭 =
𝟒√𝑹
𝟑 𝑬∗𝜹𝟑 𝟐5 0𝟏 −

𝟏
𝟏𝟎

𝜹
𝑹 −

𝟏
𝟖𝟒𝟎

𝜹𝟐

𝑹𝟐 +
𝟏𝟏

𝟏𝟓𝟏𝟐𝟎
𝜹𝟑

𝑹𝟑 +
𝟏𝟑𝟓𝟕

𝟔𝟔𝟓𝟐𝟖𝟎𝟎
𝜹𝟒

𝑹𝟒 +⋯1 
(3) (3) 

 

Generally, in AFM measurements, the Hertz model is only the first term of this 

expansion, which is named ‘Paraboloid’ in JPK Data Processing. The difference 

between the results provided by the two models, becomes important only when δ ≈ R, 

so in any case at the limit of the applicability of both formulae. 

For our analysis, we used a tip radius R of 400 nm and a Poisson’s ratio n of 0.5 (as it 

is conventionally set for biological materials), where the Young’s modulus, the POC 

and an offset in force were kept as free parameters of the fit. The same analysis protocol 

was used on approach and retract curves. 

On samples like meristems, the contact between the indenting tip and the surface is 

generally not normal. As discussed by Routier-Kierzkowska et al.56 this will lead to 

artifacts in the determination of Young’s modulus. In order to remove or reduce the 

effect of the local slope on our calculations, we adapted a formula from the previously 

cited paper and calculated the normal Young’s modulus as: 

𝑬𝒏 =
𝑬𝒛

𝐜𝐨𝐬𝜶𝟓 𝟐⁄  (4) 

 

where α is the angle between the normal to the surface and the z direction and n is the 

normal to the surface. 
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Osmotic treatments measuring sepal stiffness 

The osmotic treatments were done as described in Hong et al.14. Briefly, the 

inflorescences containing plasma membrane markers p35S::mCitrine-RCI2A (pLH13) 

were dissected from the main branch with one stage 8 flower exposed and inserted 

upright into small Petri dishes containing ½ MS media. The inflorescences were then 

incubated in water for osmotic pressure saturation. 0.1% PI was used to visualize the 

cell walls. The inflorescences were imaged on the confocal microscope before the 

osmotic treatment (with wave lengths as indicated in Supplementary Table 2.2). The 

water was then removed and a 0.4M NaCl solution was used to plasmolyze the cells. 

The separation between the cell wall (stained with PI) and the cell membrane (labeled 

with mCitrine) indicated that plasmolysis was successful. The confocal images were 

taken after 30 min salt treatments with the sample still immersed in the salt solution. 

Cell areas were quantified before and after salt treatment in MorphoGraphX and the 

change (shrinkage) in cell area indicated the (elastic) stiffness of the cell walls (little or 

no change occurs in stiff walls while softer walls shrink). 

Transgenic plants 

The DRMY1 gene promoter with 5’ UTR (1,535 bp before the start codon) and the 

terminator with 3’ UTR (331 bp after the stop codon) were PCR amplified with primers 

listed in the Supplementary Table 1. These two pieces were fused with overlap PCR 

with PFU DNA polymerase. The PCR product was Adenine (A)-tailed with Taq DNA 

polymerase. With the help of this overhanging A, the overlap PCR product was then 

ligated into pGEM-T easy (Promega) to generate pMZ2. The Gateway conversion 
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cassette was PCR amplified and digested with restriction enzymes AscI and KpnI and 

then ligated into pMZ2 between the DRMY1 promoter and terminator to make pMZ3. 

The resulting pMZ3 plasmid and binary vector pMOA36 were digested with NotI and 

ligated together to make pMZ4. The final pMZ4 Gateway destination vector includes 

the DRMY1 promoter, a gateway cassette, and the DRMY1 terminator. The DRMY1 gene 

CDS was PCR amplified with primers listed in Supplementary Table 1. The DRMY-

mCitrine fusion was created by amplifying the CDS of DRMY1 and the CDS of mCitrine 

with primers listed in Supplementary Table 1. The DRMY1-mCitrine fusion was created 

through overlap PCR with a nine-alanine linker in the middle. Each of these PCR 

products was purified and cloned into pENTR/D-TOPO vectors (Invitrogen). The 

resultant vectors were LR combined into the destination vector pMZ4 to generate the 

final constructs used in this paper: pDRMY1::DRMY1 (pMZ6) and pDRMY1::DRMY1-

mCitrine (pMZ18)). All of the final constructs were verified by sequencing and 

transformed into the drmy1-2 mutants by Agrobacterium-mediated floral dipping. All 

the T1 plants were grown in soil for about 10 days and then selected by spraying with 

100 µg/mL Basta. The surviving plants were then checked for sepal phenotypes. 

 

Generating and analyzing RNA-seq data 

For sample collection, the inflorescences were dissected under a stereomicroscope and 

collected into Eppendorf tubes with liquid nitrogen. Both WT and drmy1-2 

inflorescences were dissected to remove flowers older than stage 8. Three biological 

replicates were collected, each replicate combining different individual plants. RNA 
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extraction was done using a commercial kit (RNeasy Plant Mini Kit, Qiagen, CAT NO. 

74904) following the manual. 

The cDNAs used for qPCR were generated by reverse transcription from inflorescence 

RNA samples (DNase treatment, first strand synthesis and second strand synthesis). The 

qPCR was performed following the manual of the Roche LightCycler® 480 system. 

Briefly, synthesized cDNA, primers and water were mixed with Roche CyberGreen 

Master Mix in the TempPlate 384-well full skirt PCR plates (USA Scientific). The PCR 

plate was then loaded into Roche 480 machine and the experimental data was analyzed 

with the supporting software. 

RNA-seq library preparation was performed as in Kumar et al.57 with some 

modifications. Briefly, mRNA was isolated with Dynabeads oligo dT beads (Invitrogen 

Cat# 61006) and fragmented in first strand buffer at 94° C for 6 minutes. First strand 

cDNA was synthesized with random hexamers (Invitrogen Cat# 48190011) using 

Superscript II (Invitrogen Cat#18064014) and the second strand was synthesized with 

DNA Pol I (Fermentas Cat #EP0041) and RNAse H (Invitrogen Cat# 18021071). End 

repair was conducted with NEBNext End repair enzyme Mix (NEB Cat# E6050S) and 

Klenow DNA polymerase (NEB Cat# M0210S), A tailing with Klenow 3’ to 5’ 

exonuclease (Fermentas Cat# EP0421), and ligation of NEB NEXT adapters (NEB Cat# 

E7335L) with Mighty Mix Ligase (Clonetech TAK6023). The library was size-selected 

using Agencourt AmPure Beads (Beckman Coulter A63880). PCR enrichment and 

barcoding were conducted with NEBNext Multiplex Oligos for Illumina index primers 

(NEB Cat# E7335L) for 15 cycles using Phusion polymerase (NEB Cat# M0530L). The 
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entire library was run on a 1.2% agarose gel and size-selected (about 200– 500 bp) to 

remove adapter dimers. RNA sequencing was done with the service HISEQ 2500 rapid 

run (run length 50 RR, single barcode) or NextSeq 500 (run length 75, single barcode) 

provided by Cornell Genomic facility. Reads are available at NCBI BioProject 

PRJNA564625. 

We analyzed our RNA-seq reads and annotated genes somewhat as in Schwarz and 

Roeder58, but with a number of updated procedures described here. For quality-filtering 

of RNA-seq reads, we first used the Perl script quality_trim_fastq.pl (available at https:/

/github.com/SchwarzEM/ems_perl/blob/master/illumina/quality_trim_fastq.pl) to 

remove reads that failed CHASTITY and trim the last nucleotide off our raw reads; 

quality_trim_fastq.pl was run with the arguments '-q 33 -u 50' (for replicates 1 and 2 of 

each genotype) or '-q 33 -u 84' (for replicate 3 of each genotype). We then used 

Trimmomatic 0.36 59 to remove adapter sequences and remove unreliable reads. 

Trimmomatic was run with the arguments 'SE -phred33 [...] ILLUMINACLIP:[...]/

sepal_adapters_09dec2016.trimmomatic.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:[50 or 84]'. Adaptor sequences (sepal_adapters_

09dec2016.trimmomatic.fa) are given in Supplementary Table 3. After quality trimming, 

replicates had 6.5 to 25.6 million reads (Data S1). These trimmed and quality-filtered 

reads were permanently archived in the NCBI Sequence Read Archive (SRA) with their 

different read lengths between batches (50 nt for replicates 1 and 2 in an earlier batch; 

84 nt for replicate 3 in a later batch). However, before mapping reads to transcripts for 

gene expression analysis, we further trimmed the 84-nt reads to 50 nt lengths with 

quality_trim_fastq.pl (arguments, '-q 33 -u 50'). By enforcing equal read lengths, we 
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expected to lessen artifactual differences in observed gene expression that might 

otherwise arise from unequally long RNA-seq reads 60. 

Supplementary Table 2.3 Illumina adaptor sequences (sepal_adapters_09dec2016.
trimmomatic.fa) used for trimming RNA-seq reads via Trimmomatic. 

Illumina adaptor primer adaptor sequences 

NEBNextPrimer10_TAGCTT 
CAAGCAGAAGACGGCATACGAGATAAGCT
AGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer10_TAGCTT_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACTAGCTTATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer11_GGCTAC 
CAAGCAGAAGACGGCATACGAGATGTAGC
CGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer11_GGCTAC_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACGGCTACATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer12_CTTGTA 
CAAGCAGAAGACGGCATACGAGATTACAA
GGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer12_CTTGTA_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACCTTGTAATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer1_ATCACG 
CAAGCAGAAGACGGCATACGAGATCGTGA
TGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer1_ATCACG_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACATCACGATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer2_CGATGT 
CAAGCAGAAGACGGCATACGAGATACATC
GGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer2_CGATGT_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACCGATGTATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer3_TTAGGC 
CAAGCAGAAGACGGCATACGAGATGCCTA
AGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer3_TTAGGC_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACTTAGGCATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer4_TGACCA 
CAAGCAGAAGACGGCATACGAGATTGGTC
AGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 
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NEBNextPrimer4_TGACCA_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACTGACCAATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer5_ACAGTG 
CAAGCAGAAGACGGCATACGAGATCACTG
TGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer5_ACAGTG_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACACAGTGATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer6_GCCAAT 
CAAGCAGAAGACGGCATACGAGATATTGG
CGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer6_GCCAAT_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACGCCAATATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer7_CAGATC 
CAAGCAGAAGACGGCATACGAGATGATCT
GGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer7_CAGATC_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACCAGATCATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer8_ACTTGA 
CAAGCAGAAGACGGCATACGAGATTCAAG
TGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer8_ACTTGA_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACACTTGAATCTCGTATGCCGTCTTCT

GCTTG 

NEBNextPrimer9_GATCAG 
CAAGCAGAAGACGGCATACGAGATCTGAT
CGTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCT 

NEBNextPrimer9_GATCAG_rc 
AGATCGGAAGAGCACACGTCTGAACTCCA
GTCACGATCAGATCTCGTATGCCGTCTTCT

GCTTG 

Universal_primer AATGATACGGCGACCACCGAGATCTACAC
TCTTTCCCTACACGACGCTCTTCCGATCT 

Universal_primer_rc AGATCGGAAGAGCGTCGTGTAGGGAAAGA
GTGTAGATCTCGGTGGTCGCCGTATCATT 

 

We mapped RNA-seq reads to cDNA sequences of A. thaliana genes (i.e., coding 

sequences [CDSes] plus flanking 5' and 3' UTR sequences) that were downloaded from 

http://www.arabidopsis.org/download_files/Sequences/TAIR10_blastsets/TAIR10_

cdna_20101214_updated, along with a GFP coding sequence previously used in 

Schwarz and Roeder58. We used Salmon 0.14.161 to index the cDNA sequences and 
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determine levels of gene expression for each RNA-seq replicate in transcripts per 

million (TPM). For indexing cDNA, we used the Salmon arguments '--no-version-check 

index -k 31 --perfectHash --type quasi --keepDuplicates'; for computing gene expression, 

we used the arguments '--no-version-check quant --seqBias --gcBias --

validateMappings --libType A --geneMap TAIR10_cdna_20101214_updated_w_

GFP.tx2gene.tsv.txt --numBootstraps 200'. All replicates had mapping rates of 92.6% 

to 95.3% (Data S1). 

To compare changes of gene expression between genotypes and identify which changes 

were statistically significant, we used DESeq2 version 1.18.162, downloaded and run as 

a Bioconda package in its own environment (https://bioconda.github.io/recipes/

bioconductor-deseq2/README.html), with batch corrections for replicate 3 of each 

genotype (which were grown at a different time from replicates 1 and 2 of each 

genotype).  

Gene annotations were produced as follows. Gene names, aliases, and functional 

descriptions, were downloaded from TAIR on 9/15/2019 via TAIR's bulk download 

Web portal (https://www.arabidopsis.org/tools/bulk/genes/index.jsp) and tabulated with 

tabulate_tair_names_15sep2019.pl (https://github.com/SchwarzEM/ems_perl/blob/

master/arabidopsis/tabulate_tair_names_15sep2019.pl). Protein sizes (full range or 

maximum) were extracted from the TAIR10 proteome (downloaded from http://

www.arabidopsis.org/download_files/Sequences/TAIR10_blastsets/TAIR10_pep_

20101214_updated; version dated 4/16/2012) with tabulate_tairprot_sizes.pl (https://

github.com/SchwarzEM/ems_perl/blob/master/arabidopsis/tabulate_tairprot_sizes.pl). 
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Signal and transmembrane sequences were predicted with Phobius 1.0163 and tabulated 

with tabulate_phobius_hits.pl (https://github.com/SchwarzEM/ems_perl/blob/master/

Hco_Acey/tabulate_phobius_hits.pl). Coiled-coiled domains were predicted with 

ncoils64 and tabulated with tabulate_ncoils_x.fa.pl (https://github.com/SchwarzEM/

ems_perl/blob/master/Hco_Acey/tabulate_ncoils_x.fa.pl). Low-complexity protein 

regions were predicted with pseg65 and tabulated with summarize_psegs_16jan2018.pl 

(https://github.com/SchwarzEM/ems_perl/blob/master/arabidopsis/

summarize_psegs_16jan2018.pl). Protein domains from Pfam 3166 were predicted with 

hmmscan from HMMER 3.1b2 with the argument '--cut_ga', which imposed domain-

specific thresholds for significance; Pfam domain hits were tabulated with 

pfam_hmmscan2annot.pl (https://github.com/SchwarzEM/ems_perl/blob/master/

afd2solexa_data/pfam_hmmscan2annot.pl). Protein domains from InterPro 5.18-57.067 

were predicted via InterProScan (interproscan.sh) with default thresholds and the 

arguments '-dp -hm -iprlookup -goterms'. To enable InterProScan searches, which had 

an upper limit of 1,000 protein sequences per search, the A. thaliana proteome was split 

into 30 equally numerous subsets with splitfasta_sizewise.pl (argument '-b 30'; https://

github.com/SchwarzEM/ems_perl/blob/master/fasta/split_fasta_sizewise.pl) and then 

searched in parallel; InterPro domain hits were collected and tabulated with 

tabulate_iprscan_tsv_22jan2018.pl (https://github.com/SchwarzEM/ems_perl/blob/

master/arabidopsis/tabulate_iprscan_tsv_22jan2018.pl). For both Pfam and InterPro 

domains, domain predictions were run on the official TAIR10 set of representative 

(largest) protein isoforms (downloaded from http://www.arabidopsis.org/

download_files/Sequences/TAIR10_blastsets/TAIR10_pep_20110103_representative_
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gene_model_updated; version dated 4/16/2012). Transcription factor annotations were 

imported from the AtTFDB and PlantTFDB databases as in Schwarz and Roeder58. Gene 

Ontology (GO) annotations68 of gene function in this column were produced in July 

2019 by the Arabidopsis genome database, and were downloaded from the GO database 

for use here. All individual annotations were merged into a single data table with add_

tab_annots.pl (https://github.com/SchwarzEM/ems_perl/blob/master/afd2solexa_data/

add_tab_annots.pl). 

Significantly upregulated and downregulated (padj ≤ 0.1) genes in wild-type versus 

drmy1-2 mutant inflorescences were separately analyzed with AgriGO (http://

systemsbiology.cau.edu.cn/agriGOv2)69 to identify significantly enriched GO terms. 

Selected GO terms were graphed. 

 

Quantification of DR5 and TCS signals 

In order to quantify the DR5 and TCS signals at the different positions relative to the 

center of the floral meristem, we manually aligned the stacks in MorphoGraphX. They 

were placed with the z-axis located at the meristem center pointing upwards and the x-

axis representing the 0° position pointing to the right. Angles increased in the counter-

clockwise direction within the xy-plane. The images were aligned in such a way as to 

place outer sepal position at roughly 45° (the top-right direction when viewing down 

the z-axis). 

For the quantification of the signal, we implemented a custom process in 

MorphoGraphX which computed a circular histogram of the signal sum around the z-
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axis. For each voxel of the aligned image, its angle about the z axis was determined. 

The voxels were grouped according to the angular values in bins of the size of 1° and 

their signal values weighted by their volume were summed up for each bin. To create 

the plot, we exported the resulting histogram to a csv-file and imported it into Microsoft 

Excel. 

Accession Numbers 

RNAseq data: NCBI BioProject IPRJNA564625. Individual RNA-seq read sets are 

archived in SRA as follows: WT replicate 1, SRX6821462, WT replicate 2, 

SRX6821463, WT replicate 3, SRX6821464, drmy1-2 replicate 1, SRX6821465, 

drmy1-2 replicate 2, and SRX6821466, drmy1-2 replicate 3, SRX6821467.  

Gene names: DRMY1, AT1G58220; AHP6, AT1G80100; TIR1, AT3G62980; AFB1, 

AT4G03190; AFB2, AT3G26810; AFB3, AT1G12820; WOL, AT2G01830; and PIN1, 

AT1G73590. 
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Abstract 

Fruit have evolved a sophisticated tissue and cellular architecture to secure plant 

reproductive success. Post-fertilization growth is perhaps the most dramatic event 

during fruit morphogenesis. Several studies have proposed that fertilized ovules and/or 

developing seeds initiate signaling cascade(s) to coordinate and promote the growth of 

the accompanying fruit tissues. This dynamic process allows the fruit to conspicuously 

increase its size, acquire its final shape and means for seed dispersal. All these features 

are key for plant survival and crop yield. Despite its importance, we lack a high-

resolution spatiotemporal map of how post-fertilization fruit growth proceeds at the 

cellular level. In this study, we have combined live imaging, mutant backgrounds in 

which fertilization can be controlled, and computational modeling to monitor and 

predict post-fertilization fruit growth in Arabidopsis. We have uncovered that, unlike 

leaves, sepals or roots, fruit do not exhibit a spatial separation of cell division and 

expansion domains; instead, there is a separation into temporal stages with fertilization 

as the trigger for transitioning to cell expansion, which drives post-fertilization fruit 

growth. We quantified the coordination between fertilization and fruit growth by 

imaging no transmitting tract (ntt) mutants, in which fertilization fails in the bottom 

half of the fruit. By combining our experimental data with computational modeling, we 

delineated the mobility properties of the seed-derived signaling cascade(s) promoting 

growth in the fruit. Our study provides the basis for generating a comprehensive 

understanding of the molecular and cellular mechanisms governing fruit growth and 

shape. 
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Significance  

Fruit are the harvested product of many crops and their importance in yield and global 

food supply is indisputable. Fruit size (growth), shape, and seed dispersal strategies vary 

markedly in different plant species, and their clear understanding should facilitate 

improvements in agricultural production. Here we have mapped the cellular growth of 

the Arabidopsis fruit (seedpod) after fertilization, and also delineated and modeled how 

seed-derived signaling cascades impinge upon fruit elongation. We have found that 

fertilization is the developmental switch that transitions fruit from cell division to cell 

expansion, which is tightly synchronized with seed development inside the fruit. Our 

study lays the groundwork to facilitate strategies for crop engineering to further increase 

their agroeconomic value. 
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Introduction 

Growth is a pivotal factor in any morphogenetic program that, in cooperation with 

patterning and differentiation, and coordinated with endogenous and exogenous 

signaling pathways, dictates the overall organ and body form (size, shape). In both 

plants and animals, growth is a multiscale process bridging cellular, tissue, organ, and 

whole organism levels. Organ growth can be defined as the increase in size of the organ 

over time which results from the coordinated spatiotemporal pattern of cell growth 

(cytoplasmic mass increase) associated with cell division and cell expansion without 

division (1). However, despite its crucial importance, we have just started to scratch the 

surface in terms of deciphering the underlying molecular, mechanical, and cellular 

mechanisms orchestrating growth in developmental contexts. 

Due to the dynamic nature of growth, the explanatory power of simple informal or 

qualitative approaches is limiting. In recent years, the development of live imaging tools 

to capture quantitative data from living organisms has increased exponentially and has 

enabled us to precisely monitor cell division and cell growth in a 4-D scale (2). The 

triumvirate of live imaging, classical developmental genetics and computational 

modeling fuels our understanding of growth during plant morphogenesis (2-14). 

In plants, previous studies in Arabidopsis thaliana (Arabidopsis hereafter) have 

demonstrated that the spatiotemporal control of cell division and cell expansion plays 

an important role in governing organ morphogenesis. During root growth in Arabidopsis, 

cells located in the basal region of the meristem zone are actively dividing. As cells exit 

mitosis (in the apical portion of the meristem zone), they undergo a period of elongation 

(elongation zone). Root cells finally cease expansion when they enter the differentiation 
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zone and take on specialized functions. These proximo-distally arranged functional 

domains of cell division, elongation and differentiation are critical for correct root 

morphogenesis ((15-17) and references therein). Likewise, Arabidopsis leaves, have 

proximo-distally arranged domains of cell division, cell expansion and maturation. 

Actively dividing cells are located at the base of the leaf. After cells exit mitosis (at the 

top of this division zone), they undergo cell expansion before finally ceasing growth 

and maturing (12). Interestingly, this spatial zonation of growth seems to be ancestral 

as a graded growth pattern has been observed to shape the thallus of the liverwort 

Marchantia polymorpha (18, 19) 

In his classical 1790 paper, Goethe proposed that floral organs and leaves are related 

structures. This hypothesis found strong support in modern-day genetic and molecular 

research. For example, in mutant backgrounds lacking the ABC floral homeotic 

functions, floral organs transform into leaf-like structures. Likewise, the ectopic 

expression of SEPALLATA and floral homeotic genes convert vegetative leaves into 

floral organs (20-22). In addition, several studies have found that common regulatory 

modules orchestrate both leaf and fruit morphogenesis (23-25). In line with this 

evolutionary relationship, it has been shown that sepals (the outermost leaf-like floral 

organs) employ the same proximo-distally zoned pattern of cell division and cell 

expansion as described in leaves (9, 12, 26). Taken together, this raises the question of 

whether fruit also share the same zoned mechanism for coordinating growth (and thus 

morphogenesis) as seen in sepals, leaves or roots. 

The adoption of the fruit was a key innovation that assisted in the evolutionary success 

of flowering plants (angiosperms) and transformed them into the dominating group of 
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land plants on this planet (27-30). Interestingly, fruit size and shape (and thus growth) 

are part of the “domestication syndrome”, a suite of phenotypic traits arising during 

plant domestication that distinguish crops from their wild ancestors (31). Indeed, as food 

demand continues to increase and global climate change threatens agriculture, modern 

plant breeding programs have targeted fruit size and growth as elite traits to further 

boost production in major crops (32-34). 

In Arabidopsis the fruit (or silique, a dry fruit) mainly consists of a mature ovary with 

three primary tissue types: the replum, the valve margins and the valves located at lateral 

positions. The valves, which are derived from the ovary walls (or carpels), comprise the 

majority of the fruit and provide protection and assist in seed dispersal at maturity (23-

25, 28, 35-43). Developmental genetic studies of the Arabidopsis fruit have been 

fundamental to the elucidation of the major underlying mechanisms governing 

patterning and seedpod opening (dehiscence; (23-25, 28, 35-43)). Emerging evidence 

suggests that such genetic interactions are likely to be conserved across species. 

Interestingly, recent studies in Arabidopsis and tomato have shown that a number of the 

key fruit patterning genes are also recruited for correct post-fertilization fruit growth. 

This seems to be a conserved theme, as fruit patterning genes also control fruit size and 

shape in close Arabidopsis relatives (10, 30, 44-50), and a recent study reported that leaf 

organogenesis genes directly participate in controlling leaf growth and shape (51). 

However, our mechanistic understanding of fruit growth is in its infancy, and no high-

resolution spatiotemporal analyses of fruit growth are available at the cellular scale. 

In this study, we have combined genetic tools, live imaging, and computational 

modeling approaches to monitor and predict Arabidopsis post-fertilization fruit growth, 
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bridging cellular to organ scales. Strikingly, our analysis reveals that unlike leaves, 

sepals and roots, fruit do not exhibit proximo-distal growth domains. Instead, post-

fertilization fruit growth entirely relies on cell expansion that occurs in a homogenous 

fashion from the tip to the base of the valve. Thus, our data are consistent with a 

separation of fruit growth into temporal stages (cell division prior to fertilization, cell 

expansion after fertilization), instead of spatial domains as described previously for 

sepals, leaves and roots (4, 51, 52). Fertilization (and seed formation) is the temporal 

and developmental trigger that initiates cell expansion in the fruit valve. Our 

investigations have uncovered a new mode of growth during organogenesis in the 

context of reproductive development. 

 

Results 

Fertilization triggers fruit elongation, valve epidermal cell growth and maturation 

In Arabidopsis, gynoecium and fruit morphogenesis can be broadly divided into 3 major 

developmental phases: 1) differentiation and patterning; 2) growth and maturation (or 

ripening); and 3) senescence, which includes seed dispersal and where virtually no 

growth is further observed (Fig. 3.1A, (49)). This general classification of the fruit 

developmental stages can be used in numerous plant species, including those bearing 

fleshy fruits (53-56). 
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Figure 3.1 Post-fertilization fruit growth is fertilization dependent. 
(A) Developmental stages of fruit growth during morphogenesis. 
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(B), (C) SEM micrographs of a pistil before fertilization. (C) Magnified view of fruit valve 
epidermis shown in (B). 
(D), (E) SEM micrographs of fertilized pistil (fruit) at anthesis (stage 13 based on (72)). Valve 
epidermal cell elongation can be detected at this early stage concomitantly with the formation 
of stomata interspersed within the valve epidermis. (E) Magnified view of fruit valve epidermis 
shown in (D). White arrows indicate a few developing stomata. 
(F), (G) SEM micrographs of a mature fruit. (G) Magnified view of valve epidermis of a mature 
Arabidopsis fruit. In contrast to pre- or early- fertilized fruit, valve epidermal cells in mature 
fruit are conspicuously elongated and stomata are fully developed. The white arrows indicate a 
few mature stomata. 
(H) On the left, two unfertilized (emasculated, n.p. not pollinated) wild-type pistils and on the 
right a fully developed wild-type fruit (m.p. maximally pollinated). Both sets of samples were 
harvested at the same time. 
(I) and (J) SEM micrographs of an unfertilized pistil. (J) Magnified view of valve epidermis of 
the pistil shown in (I). Note the absence of cell elongation on the valve epidermis comparable 
to that of pre- or early fertilized fruit (C and E respectively). 
(K) From left to right, cer6-2 fruit grown in restrictive conditions (blocking self-fertilization), 
permissive conditions (allowing self-fertilization) and late stage 17 wild-type fruit self-fertilized, 
respectively. No conspicuous differences were seen when comparing wild-type and cer6-2 fruit 
grown in permissive conditions. SEM micrographs of cer6-2 valve epidermal cells in restrictive 
(L) and permissive (M), respectively. Valve epidermal cells in cer6-2 fruit grown in permissive 
conditions (M) look virtually the same as those of wild type (G). 
(N) Correlation between seed number and valve length in cer6-2 and wild type. Intermediate 
levels of pollination were generated by hand pollinating cer6-2 with qrt pollen. A trendline was 
generated using the cer6-2 data points and the r2 value is included in the graph (Pearson value 
= 0.985). 
(O) Comparison of ovary valve length between unfertilized (emasculated) wild-type (n= 20) 
and unfertilized cer6-2 pistils grown in restrictive conditions (n= 20). 
In the SEM images cells have been false colored (blue or green) and outlined to illustrate cell 
sizes. Scale bars: 1 cm in (A), (H) and (K);100 µm in (B), (C), (D), (F), (G), (I), (J), (L) and (M). 
(This figure was contributed by Juan-José Ripoll.) 
 

We first developed a series of qualitative and morphological studies to frame and 

provide context for our quantitative studies of fruit growth. During patterning a series 

of coordinated cell divisions and morphogenetic operations (differentiation) take place 

to form a fully functional pistil ready to be fertilized (27-29, 40, 55, 57, 58). Prior to 

fertilization, the epidermal valve cells are homogenous in size and shape throughout the 

entire carpel and virtually indistinguishable one from each other (Fig. 3.1B, C). 

Fertilization takes places at anthesis (stage 13) after which the cells appear slightly 
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elongated along the longitudinal axis of the valve (Fig. 3.1D and E and Suppl Fig 3.1). 

In addition, we can also observe the differentiation of stomata interspersed within the 

epidermis (Fig. 3.1E, Suppl Fig. 3.1A-D and (4, 51, 52)). The fruit continues to elongate 

(Fig. 3.1A and F) until it reaches its maximum length (stage 17). At this stage, fruit 

valve epidermal cells are conspicuously elongated when compared to those in the pre-

fertilized valve epidermis, and as depicted in Figure 1G, cells with different sizes can 

be observed (Fig. 3.1C and G, respectively) in the epidermis. of a mature fruit valve.  

Based on these observations and previous analyses, fertilization appears to act as a 

trigger in the pistil/fruit that switches the developmental phases from differentiation 

(pre-fertilization events) to growth (post-fertilization). 
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Supplementary Figure 3.1 Fertilization promotes cell expansion. 
SEM micrographs of the valve epidermis from: (A) a pre-fertilized pistil with no stomatal 
development (stage 11 based on (72)); (B) fruit right after fertilization where stomata 
differentiation has initiated (indicated by arrows); (C) mature stage 17 fruit with fully 
differentiated stomata (indicated by arrows); and (D) non-pollinated pistil where stomata 
differentiation is incomplete (indicated by arrows). 
Post-fertilization fruit elongation is fertilization dependent: (E) Fertilization assays in ap3-6 
mutants. ap3-6 pistils were pollinated and images of fruit were taken every 24 hours. (F) SEM 
micrograph of a pre-fertilized ap3-6 valve. (G) SEM micrograph of an ap3-6 fruit valve 
epidermis 24 hours after pollination. (H) SEM micrograph of an ap3-6 fruit valve cells 48 hours 
after pollination. In the SEM images, cells have been false colored (blue or green) and outlined 
to illustrate cell sizes. Scale bars: 100 µm in (A), (B), (C), (D), (F), (G) and (H); 1 cm in (E). 
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(This figure was done by Juan-José Ripoll.) 
 

Emasculation prevents elongation of valve epidermal cells and blocks stomata 

differentiation 

Previous studies have shown that in Arabidopsis (and other species), blocking 

fertilization through emasculation (removal of stamens) of pre-anthesis wild-type 

flowers prevents pistil elongation. We reproduced those experiments to determine the 

extent to which post-fertilization fruit valve epidermal cell development is blocked 

under our experimental conditions. 

Pistils from emasculated wild-type Col-0 flowers were either pollinated with wild-type 

pollen (maximum pollination, “m.p” in Fig. 3.1H) or not pollinated (“n.p.” in Fig. 3.1H). 

Fruit from maximum pollination assays were virtually identical to those of self-fertilized 

Col-0 non-dissected flowers (Fig. 3.1H). However, in the non-pollinated flowers, pistils 

did not elongate (Fig. 3.1H and I). A close inspection of the valve epidermis via 

Scanning Electron Microscopy (SEM) revealed that cells appeared only slightly 

elongated and resembled those seen in early stages of post-fertilized fruit valve 

epidermal cells (compare Fig. 3.1E and J). We also observed in the emasculated pistil 

valves that, although the stomata developmental program initiated, the stomata display 

a very rudimentary structure, indicating a failure of maturation (Suppl Fig. 3.1A-D and 

(25, 43, 49)). This suggests that fertilization is required for full stomata differentiation 

in the valve epidermis. Interestingly, the epidermal abnormalities seen in emasculated 

fruit valves are very similar to those described in genetic backgrounds in which valve 

differentiation gene functions are impaired (25, 43, 49). This suggests that proper 
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patterning and correct fertilization are critical operations for successful post-fertilization 

fruit valve growth. 

 

Fruit elongation is triggered by fertilization and positively correlated with seed 

number 

Upon pollination, ovule fertilization in Arabidopsis happens within hours (59-61), and 

the transformation of the ovules into seeds and the concomitant elongation of the silique 

are its direct and rapid consequences (see Fig. 3.1A and (62, 63)). As shown in previous 

studies, Arabidopsis developmental mutants in which fertilization, ovule, or seed 

formation is impaired (or blocked), displayed reduced silique size that nearly 

phenocopied the length of unfertilized wild-type ovaries in the most dramatic cases (Fig. 

3.1H; Fig. 3.2B and Suppl Fig. 3.1E and (25, 49, 63-67)), suggesting that ovule 

fertilization and seed development are key for normal post-fertilization growth. 
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Figure 3.2 FLIP imaging and cell expansion quantification of valve epidermal cells in wild-
type and ntt mutant valves. 
Development of wild-type (A) and ntt fruit (B) subjected to FLIP imaging. Orange arrows 
indicate the position where seed formation ends. 
(C) Cellular growth heatmap of wild-type and ntt valves (fast growth in red to slow growth in 
blue). The growth rate was calculated as the ratio of the cell area at a given time point divided 
by the cell area at the previous time point. Wild-type fruit valves show a homogenous growth 
rate along the longitudinal axis (top to bottom). The top half of ntt shows similar growth rates 
as the wild type, whereas the bottom (no seed development) displays a dramatically reduced 
growth rate. 
(D) Quantification of fruit elongation ratios at the time points shown in (A) and (B). Fruit growth 
rate was calculated as the fruit length at a given time point divided by the length at the previous 
time point (from left to right, from light to dark, bar clusters for each of the five intervals). 
(E) Quantification of the cellular growth rates shown in (C). 
We calculated the average growth rate of cells at each time interval. Scale bars: 100 µm. 
 

To further corroborate the positive correlation between fertilization, seed formation and 

fruit valve elongation, we took advantage of two sensitized mutant backgrounds: the 

conditional pollen coat defective mutant eceriferum6-2 (cer6-2; (63, 68, 69) and the 

male sterile mutant apetala3 (ap3 (70), see SI Appendix for results), which both revealed 

that fruit elongation is a rapid response to fertilization (Suppl Fig. 3.1). In cer6-2 pollen 

grains fail to germinate under low humidity conditions, which impairs ovule fertilization 

and post-fertilization fruit growth (Fig. 3.1K and O (63, 68, 69)). In contrast, when cer6-

2 is grown in high humidity conditions (> 75%), fertilization is achieved and post-

fertilization fruit set is similar to that of wild-type (Fig. 3.1K-O; (62-64)). 

To further examine the correlation between seed number and fruit valve elongation we 

performed pollinations on pistils from cer6-2 grown under low humidity conditions to 

control fertilization. We used pollen from the quartet (qrt, (71)) mutant. In qrt, pollen 

grains fail to separate in the final stage of development, producing a typical bundle of 

four grains (59, 71). This allowed us to more precisely monitor the amount of pollen 

used in the assays. We placed different amounts of qrt pollen bundles on cer6-2 stigma 
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and let the ovaries develop until reaching maturity (stage 17B-18 based on (72)). 

Unfertilized cer6-2 pistils, emasculated wild-type ovaries, and wild-type pollinated 

pistils were used as controls for these assays. At stage 17B-18, the length of the ovaries 

was measured, and subsequently the valves were removed to count the seeds inside (Fig. 

3.1N). The final length of cer6-2 ovaries positively correlated with the number of seeds 

per silique (Fig. 3.1N), whereas the length of non-fertilized cer6-2 and emasculated 

wild-type ovaries was practically indistinguishable (Fig. 3.1O). In line with previous 

reports (59-64, 73), the growth of the fruit directly depends on fertilization and the 

number of developing seeds (i.e. number of fertilized ovules). 

In summary, these data (Fig3.1, 3.2 and Suppl Fig. 3.1E-H) support the conclusion that 

ovule fertilization and seed development (and number) are tightly coordinated with the 

corresponding growth of the fruit valve, and that valve response to fertilization is a rapid 

mechanism. 

 

Live imaging revealed homogenous growth of the valve epidermis after 

fertilization 

The set of assays described above together with experimental data generated previously 

show a direct positive correlation between seed-set and fruit valve elongation (59-61, 

71). Several studies in Arabidopsis and other species suggest that right after fertilization 

a cascade of signaling responses initiated in the ovule/seed trigger instructive responses 

that elicit fruit growth and valve elongation (49, 63, 74, 75). To create a high-resolution 

spatiotemporal map at the cellular level of post-fertilization valve cell epidermal cell 

growth, we developed a live imaging platform we refer to as FLIP (Fruit Live Imaging 
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Platform). We analyzed valve growth in 24 hour intervals using a dissecting microscope 

to capture the overall wild-type fruit morphology (Fig. 3.2A), and confocal microscopy 

to monitor the growth behavior of the epidermal cells from the top and the bottom of 

the valves (Fig. 3.2C, and Suppl Fig. 3.2). We used MorphoGraphX software (2) to 

analyze confocal images, evaluate cellular growth rates and generate heatmaps (Fig. 

3.2C). 
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Supplementary Figure 3.2 the seed formation and cell expansion are suppressed in ntt fruit 
bottom parts. 
(A) Undissected and dissected fruit showing seed distribution in wild-type and in ntt 
backgrounds, respectively. In wild type, fertilization and seeds developed normally throughout 
the fruit. In ntt, fertilization and seed development only occur in the top half of the fruit. Orange 
arrows indicates where the seed formation ends in ntt ovaries.  
(B) Confocal images showing the cell sizes of five regions along the apical axis of the fruit. In 
wild type, valve epidermal pavement cells looked homogenous in size along the apical axis of 
the fruit. However, the average epidermal pavement cell size decreased from the top to the 
bottom in ntt. Scale bars 100 µm. 
 

The fruit grew slightly longer during the first 24 hours of live imaging following 

fertilization and anthesis (Fig. 3.2A). In line with this, we observed modest valve cell 

relative growth rates (Fig. 3.2C and Suppl Fig. 3.3). Valve cell growth rapidly increased 

in the next 24-hour intervals (24 hr – 48 hr, 48 hr – 72 hr) and then progressively slowed 

down in the following two intervals, as the wild-type fruit reached its maximum length 

(96hr - 120hr, Fig.3. 2C and E, and Suppl Fig. 3.3). The growth rate of the entire valve 

correlated closely with the growth rates of the valve cells (Fig. 3.2D and E). 
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Supplementary Figure 3.3 There is no growth differences between WT fruit top and 
bottom parts. 
(A) Additional replicates of wild-type fruit cellular growth rate heatmaps. Both show that the 
growth of wild-type silique top and bottom were similar with each other. 
(B) Cellular growth curves of wild-type fruit. For all fruit, the curves for top and bottom were 
closely similar. 
 

The cellular growth rates of the fruit appeared homogeneous along the longitudinal axis 

of the valve (top, bottom) and throughout post-fertilization stages, with cell growth 

accelerating and slowing all throughout the length of the fruit valve simultaneously (Fig. 

3.2C and E, and Suppl Fig. 3.3A and B). This drastically contrasts with leaf and sepal 

morphogenesis where fast growing cells are located at the base and growth slows from 

the tip downward (12, 26, 76), and further suggests that all valve regions undergo 

growth after fertilization in a synchronized manner. 

 

Cell expansion is the major force for Arabidopsis post-fertilization valve growth 

In Arabidopsis gynoecium (pre-fertilization) patterning is largely mediated by cell 

division and differentiation, and expansion seems to play a minor role (27-29). In line 

with this, recent studies have shown that cytokinin, a plant hormone that directly 

regulates the plant cell cycle (77-79), plays a major role in controlling early Arabidopsis 

gynoecium patterning and cell division (80, 81). However, it was unclear whether cell 

division and/or expansion are involved in promoting post-fertilization fruit elongation. 

To evaluate whether cell division or cell expansion (or both) were mediating post-

fertilization fruit growth we leveraged our FLIP data sets and generated cell division 

(Fig. 3.3A and B) and cell expansion heatmaps (Fig. 3.3H; Suppl Fig. 3.3), and quantify 

cell sizes (Fig. 3.3G). Interestingly, our analyses revealed high expansion rates for valve 
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epidermal cells (Fig. 3.2C, Suppl Fig. 3.3A), whereas cell division was not detected in 

such cells and it was circumscribed to only stomata structures (Fig. 3.3A-E and Suppl 

Fig. 3.3A and (24, 25, 49, 82-84)). We also determined the importance of stomatal cells 

upon the overall valve surface and found it to be negligible (Fig. 3.3F). All these data 

provide support for proposing cell expansion of valve epidermal cells as the major force 

promoting post-fertilization fruit growth. 
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Figure 3.3 Quantification of cell division and cell size of the valve epidermis in wild-type 
and ntt mutant valves. 
(A-D) Tracking, visualization and heatmap representation of cell division rates in wild-type (WT) 
and ntt epidermis at the top (A and C) and bottom (B and D) of valves. Note that cell division is 
circumscribed to stomata apparatus. 
(E) Percentage of stomatal lineage and valve epidermal cells going (or not) through cell division. 
Cell division was detected in cells that are part of stomata structures while absent in valve 
epidermal cells. 
(F) Percentage of the total valve area occupied by stomata and valve epidermal cells for the last 
time point of FLIP at the top and bottom of wild-type (WT) and ntt epidermis, respectively. In 
wild type (top and bottom), the contribution of the stomatal complex to the total valve epidermal 
area is negligible. Due to the lack of epidermal cell elongation in the bottom of ntt valves, the 
area occupied by stomatal cells is more noticeable. 
(G) Quantification of cell size along the longitudinal axis of the valves. Five evenly distributed 
regions were chosen along the fruit (top in darker shades to bottom in lighter shades). Three 
biological replicates are represented for wild type and ntt. 
(H) Cell size heatmap of wild-type and ntt fruit valves (large cells in red to small cells in blue). 
(I) Flow cytometry quantification of nuclear DNA content in early stage (stage 14, right after 
fertilization) and late stage (stage17) fruit. Proportions of high endopolyploidy level cells (here 
higher than 8C) increased through fruit development. Note that the fruit assayed include seeds 
containing endosperm which gives rise to 3C and 6C peaks in top DNA content histograms. The 
graph at the bottom shows the percent of nuclei with each DNA content in wild-type fruit at 
stages 14 and 17. Three replicates were performed for each stage assayed. Scale bars: (A-D) 100 
µm, 1 mm in (H). 
(Panel I was done by Stephanie Brocke.) 
 

Since valve epidermal cells do not divide (Fig. 3.3A-E, Suppl Fig. 3.4), we were able to 

evaluate cell expansion from the final cell size, which allowed us to further determine 

whether cell expansion was uniform throughout the fruit. To study the distribution of 

cell expansion in valves, five evenly divided regions were selected along the fertilized 

fully expanded fruit valve longitudinal axis. Cells were then imaged on the confocal 

microscope, segmented in MorphoGraphX, and the average cell area was calculated for 

each region. Wild-type valve epidermal cells follow a uniform distribution of sizes (Fig. 

3.3G), resulting from the homogenous growth along the longitudinal axis of the fruit 

valve. 
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Supplementary Figure 3.4 The valve elongation is mainly triggered by cell expansion. 
(A) Cell expansion and cell division heatmaps for wild-type valve epidermal cells. The panels 
on the left correspond to the raw confocal images taken at time 0 and at time 120 hours, 
respectively. These images were subjected to MorphoGraphX analysis and cell expansion and 
cell division heatmaps were generated. Cell elongation was prominent in the valves during post-
fertilization growth. No cell division occurred for valve epidermal cell linage (no cell division 
in blue =0, one cell division in red = 1). 
 

Growth of the fruit valve and formation of enlarged cells is correlated with ploidy  

Endoreduplication is the specialized cell cycle in which the nuclear genome is replicated 

but mitosis cannot resume. This results in doubling the nuclear DNA content each time, 
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thereby producing cells with elevated nuclear genome content and higher ploidy status. 

In plants there exists an intimate correlation between ploidy level and cell size, 

particularly in epidermal systems (4, 85-89), and both endoreduplication and cell 

division coexist as alternative processes during morphogenesis. Their correct 

combination creates a range of cell sizes critical for leaf and sepal organogenesis (4, 87, 

89, 90). Taking into consideration that many enlarged cells form in the valve epidermis 

during silique elongation and the tight link between endoreduplication and cell size, we 

investigated the ploidy levels during post-fertilization fruit development. Using flow-

cytometry we quantified the DNA ploidy of stage 14 and 17 fruit (Fig. 3.3I). When both 

data sets were compared, we observed a significant decrease in the percentage of 2C 

nuclei at stage 17 when comparing to stage 14 (Stage 14: 68%, Stage 17: 35%; Students 

t-test p-value = 0.001805), concomitant with an increase in 4C (Stage 14: 18%, Stage 

17: 31%; Students t-test p-value = 0.008169) and 8C cells (Stage 14: 4%, Stage 17: 12%; 

Students t-test p-value = 0.00277) and the appearance of 16 C cells (Stage 14: 0%, Stage 

17: 2%; Students t-test p-value = 0.01574; Fig. 3.3I). Together, these results suggest 

that endoreduplication is associated with the formation of enlarged cells, as previously 

described in leaves and sepals (4, 87, 89, 90). 

 

Live imaging of the ntt siliques supports the positive correlation between seed 

formation and valve cell elongation  

In our pollination assays we detected a direct correlation between seed number and 

valve elongation (Fig. 3.1N and Suppl Fig. 3.1E-H). Our FLIP studies indicated that 

wild-type valve growth entirely relies on cell expansion (Fig. 3.2 and 3.3), which 
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happens homogeneously along the longitudinal valve axis (Fig. 3.3G), consistent with 

the uniform fertilization of seeds throughout the fruit. Based on previous studies and 

taking into consideration our experimental data, we hypothesize that valve growth 

responds to the local concentration of fertilization-derived signal(s) or signaling 

cascades. 

To test this hypothesis, we examined the no transmitting tract (ntt) mutant (59). In ntt 

plants, transmitting tract development is impaired, which severely inhibits pollen-tube 

movement causing reduced fertility. As a result, seeds only develop in the top part of 

the fruit ovary (Fig. 3.2A, Suppl Fig. 3.2A and (59)). This mutant therefore provides an 

excellent sensitized background to study growth in response to the presence (top) or 

absence (bottom) of ovule fertilization and seed formation using the very same silique 

(Fig. 3.2B and Suppl Fig. 3.2A). 

We then applied FLIP to ntt fruit to determine cell division and cellular growth rates at 

the top and bottom of the valve. As described for wild type, cell division in ntt valves is 

only detected in the cells giving rise to stomatal apparatus (Fig. 3.3C and D). 

Interestingly, in the top part of ntt siliques (where seeds develop normally) cell 

expansion rates were very similar to those seen in wild type (Fig. 3.2C and Suppl Fig. 

3.5). However, there was virtually no growth in the bottom area of ntt valves (Fig. 3.2C 

and Suppl Fig. 3.5), where no seeds developed (Fig. 3.2B). These results together with 

our previous experiments (Fig. 3.1) indicate that fertilization and/or seed development 

are necessary for the growth of neighboring valve cells. 



148 

 



149 

Supplementary Figure 3.5 ntt fruit bottom parts grow more slowly than the top parts. 
(A) Two more replicates of the ntt silique cellular growth rate heatmaps. Both showed that the 
growth of the ntt bottom-half of the fruit, where no fertilized ovules and seeds were present, 
was much slower compared to that of the ntt top (fertilization and seed formation occurred). 
(B) Cellular growth curves of the ntt siliques. In all ntt mutants there was virtually no growth 
for the silique bottom (indicated by the growth rate close to 1) while the growth of the ntt silique 
top looked normal. 
 

Valve epidermal cell growth comparisons between ntt and wild-type siliques are 

consistent with a mobile fertilization-derived signal 

To further verify the linkage between fertilization, seed formation and valve cell 

development, we compared cell areas along the length of the valve from both wild-type 

and ntt backgrounds using two methods. First, cell size heatmaps were calculated from 

confocal images of whole siliques for wild-type and ntt (Fig. 3.3H). Second, as done 

with wild type, we delimited five regions evenly distributed along the longitudinal axis 

of ntt valves and quantified the average cell sizes (Fig. 3.3G). In wild type, average cell 

area is homogenous along the longitudinal axis of the valve and enlarged cells can be 

detected evenly throughout (Fig. 3.3H). In ntt, the cell size distribution formed a 

gradient. At the top of ntt fruit, where seed formation occurs normally, cell sizes were 

similar to wild type and enlarged cells can be detected (Fig. 3.3G and H). From there, 

ntt cell sizes steadily decreased along the fruit toward the base throughout the region 

without seeds (Fig. 3.3G and H, Suppl Fig. 3.2A and B). 

Seed formation shows a sharp cut off in ntt, where seeds only develop in the top half of 

the ovary but not in the bottom portions (Fig. 3.2B and Suppl Fig. 3.2A (59)). Thus, we 

might expect an equally sharp boundary in valve cell area. Strikingly, we did not observe 

a sharp change in cell size, but a gradient with an approximately linear decrease in cell 
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size overlapping the region without seeds (Fig. 3.3H and Fig. 3.4J). From these results, 

we hypothesize that the fertilization-derived signal is mobile in the fruit. Such a mobile 

signal would be expected to form a gradient from high concentration at the border of 

the seeds to progressively lower concentrations away from them (Fig. 3.4A). 

 

Figure 3.4 Modeling of post-fertilization fruit growth. 
(A) Schematic representation of Arabidopsis wild-type and ntt fruit. A mobile signal triggered 
by fertilization is hypothesized to elicit a series of signaling cascade responses in the valves 
activating their growth. 
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To gain insights into the properties of this signal, a series of in silico predictive models (Model 
1: C, G, K; Model 2: D, H, L; and Model 3: E, I, M) were developed using our experimental 
data (B, F and J). Representation of valve length (in mm) at different time points from our 
experimental data (B), Model 1 (C), Model 2 (D) and Model 3 (E), respectively. Representation 
of growth rate vs. time intervals in our experimental data from wild-type and ntt live imaging 
(F), Model 1 (G), Model 2 (H) and Model 3 (I), respectively. Representation of cell size (area 
in μm2) vs. relative position along the longitudinal axis of the valve (top to bottom) from 
experimental data in wild type and ntt (J); and predictions based on Model 1 (K), Model 2 (L), 
and Model 3 (M) for wild type (blue) and ntt (orange). Valve length was measured in mm, and 
area in μm2. 
(Panel A was drawn by Juan-José Ripoll. Panel C-E, G-I and K-M was done by Arezki 
Boudaoud.) 
 

Computational modeling predicts mobility properties of the seed-derived signaling 

cascade  

To refine our understanding of how fruit growth dynamics are determined by ovule 

fertilization (and thus seed formation) and to gain insights into how the signal impinges 

upon fruit valve elongation, we created computational models (SI Appendix for details) 

of fruit growth based on our experimental data.  

For our models, we divided the fruit valve into 60 compartments from top to bottom 

based on the approximately 60 seeds formed per wild-type silique (Fig. 3.1N, and SI 

Appendix). We then hypothesized that the seeds produce a mobile signal(s) that spreads 

in valves promoting growth. We considered two scenarios for the effect that such a 

signal could have on growth: determining the relative growth rate or determining the 

growth potential (i.e. the final length that cells can reach). We first created Model 1, in 

which the mobile signal determines the relative growth rate of each compartment (Fig. 

3.4C, G and K). This model predicts that the fruit length extends exponentially, and that 

the relative growth rate is constant throughout fruit growth (Fig. 3.4C and G). However, 

in our wild-type fruit live imaging data, the length of the valve increased along a 
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sigmoidal curve, reaching a plateau as the relative growth rate decreases with time and 

the fruit matures (Fig. 3.4B and F). Neither of those Model 1 outputs are consistent with 

our in vivo experimental wild-type fruit growth data sets. Therefore, we elaborated 

Model 2 in which the amount of signal specifies the growth potential/capacity (i.e. the 

final length that cells can reach; Fig. 3.4D, H and L). In this case, the length of the fruit 

increased along a sigmoidal curve and the relative growth rate decreased in time (Fig. 

3.4D and H), which nicely fit with our experimental wild-type valve live imaging data 

(Fig. 3.4B and F). Thus, our modeling suggests that the fertilization-derived signaling 

cascade regulates the valve epidermal cell growth potential, instead of the relative 

growth rate within the valve epidermis.  

We next considered how a mobile signal from the fertilized ovules (seeds) moves 

through the valves. While this signal promotes growth, the expansion of the fruit may 

also affect the range of the signal. We therefore used our modeling to evaluate the 

interplay between the range of the “signal” and growth during fruit valve development. 

We considered two alternatives: the signal travels a fixed linear distance that does not 

increase as the fruit grows (i.e. “fixed range”) or the signal travels a specific number of 

cells and so the range of the signal increases as the cells grow (i.e. “increasing range”). 

The “fixed range” would be expected for a signal diffusing through the cell wall 

(apoplast), such as a peptide (91), and acting throughout fruit expansion. In the model, 

we represented the fixed range as l (Fig 3.4A). Because ntt siliques only develop seeds 

in the top half (and not in the bottom), we estimated l from the ratio of growth between 

top and bottom of ntt fruit, which resulted in a fixed signal range of l = 26 compartments. 

We assume a constant diffusion coefficient for the signal diffusing throughout the wall 
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which holds if the cell wall properties do not change drastically during the growth of 

the fruit.  

We implemented this “fixed range” in our Model 2 “growth potential with fixed range” 

(Fig. 3.4D, H and L; note fixed range was also used in Model 1 simulations). To 

challenge this prediction, we leveraged our ntt valve epidermal cell growth imaging data 

sets. In ntt, only the top 15 ovules (on average) get fertilized and no seed forms in the 

bottom half (Fig. 3.2B, Suppl Fig. 3.2A in the SI Appendix and (59)). Using the model 

to simulate ntt with the signal moving in a “fixed range” we found that following growth 

arrest, cell size would decrease rapidly from the top to the bottom of the silique valve 

(Fig. 3.4L). Remarkably, this prediction did not fit with our ntt experimental data, and 

instead ntt valve epidermal cell size gradually decreases in an almost linear fashion (Fig. 

3.4J). 

Consequently, we developed Model 3 “growth potential with increasing range” to 

consider the alternative hypothesis that the range of the signal increased proportional to 

expansion of the fruit (Fig. 3.4E, I and M). A signal travelling through the cells 

(symplast) is unlikely to have a fixed range because its diffusion through the cytoplasm 

is rapid (much faster than diffusion through the cell wall) such that its movement is 

generally limited by its passage through the cell wall, through the plasma membrane, or 

through plasmodesmata. This means that the range of the signal is determined by the 

number of cell-cell interfaces or, equivalently, by the number of cells, rather than 

absolute distance (92, 93). Since valve epidermal cells only expand (and do not divide), 

the domain for the signal increases as its mobility depends on cell number. Signals 

moving through cells, such as hormones that signal in the nucleus or small RNAs, would 
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be expected to exhibit this “increasing range” as the cells grow (94-101). Simulation of 

ntt with Model 3, showed that the size of the cells decreased gradually in the transition 

from the fertilized to unfertilized half of the ntt fruit, fitting rather well with the 

measured cell size data (Fig. 3.4J and M). A third possibility is that the signaling process 

is completed at the time of fertilization before further expansion occurs. In such a case, 

the growth profile along the carpel would be established on the initial template of cells, 

according to the distribution of the signal immediately post-fertilization, and this growth 

profile would be expanded as the valve elongates. However, this possibility cannot be 

mathematically distinguished from Model 3 because in both scenarios, the signal counts 

the number of cells, which does not change as the fruit expands due to the absence of 

cell division in the epidermal cell lineage. In addition, more complex signaling cascades 

combining both signals acting immediately at fertilization and signals whose range 

increases with cell size would be described by this Model 3, again because valve 

epidermal cells do not divide. For many critical plant and animal developmental 

programs, the correct final morphogenetic output results from the combinatorial effect 

of a number of signaling pathways and growth (96, 102-112). Indeed, based on our 

modeling and experimental data, the growth dynamics of the post-fertilized fruit seems 

to be no exception. 

 

Discussion 

In this study, we have developed a live imaging platform to image fruit (FLIP) and 

generated the first high-resolution spatiotemporal map for post-fertilization fruit growth 

in Arabidopsis wild-type and ntt (partial fertility) backgrounds. We found that cell 
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expansion is the workhorse force promoting fruit elongation. Our flow cytometry 

analyses revealed that the expanding cells undergo endoreduplication. Interestingly, 

previous studies described endoreduplication as a morphogenetic factor supporting cell 

expansion during tomato fruit development (86, 113). Thus, at the cellular scale, our 

results on cell expansion and associated endoreduplication are similar to previous 

analyses done on sepals and leaves (4, 85-89), two organs evolutionary and 

developmentally related to fruit (21-24, 114). 

In contrast, at organ scale, we found striking differences in our FLIP studies. Unlike 

leaves, sepals or roots, fruit do not show zoned cell division and expansion domains; 

instead, there is a temporal (and developmental) separation with fertilization acting as a 

gate mechanism for transitioning from cell division (pre-fertilization) to cell expansion 

(post-fertilization). This provides a novel temporal mode for the regulation of growth 

during organogenesis. It is tempting to hypothesize that this temporal growth gating 

control system generates an interconnection between pre- and post-fertilization 

morphogenetic programs for not triggering complete growth until pre-fertilization 

“requirements” are met (patterning, ovule formation, etc), and fertilization takes place. 

In line with this, recent reports have shown that fruit patterning genes also impinge upon 

post-fertilization growth, again suggesting an intimate coordination between pre- and 

post-fertilization events to secure correct growth and reproductive success (24, 25, 49, 

82-84). 

Several studies, including this one, suggest that after fertilization, ovules (seeds) deploy 

signaling cascade(s) that elicit fruit elongation, in such a way that both seed 

development and post-fertilization elongation occur in a harmonized manner to 
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appropriately house the seeds inside (Fig. 3.1 and (115, 116)). Unfortunately, little is 

known about the exact signal(s) involved, and how they impinge upon fruit growth. We 

therefore developed a computational model to predict the behavior of the signal(s) and 

how they modulate fruit growth and compared the predictions with our FLIP imaging 

data sets in wild-type and ntt. Interestingly, models describing mechanisms in which the 

signal diffuses linearly through the growing fruit are inconsistent with our data. Thus, 

our model suggests that signaling molecules diffusing (e.g. small signaling peptides) 

through the apoplast of the valve cells as they expand are unlikely to control fruit growth 

(Fig. 4). In contrast, models in which the signal is essentially counting cells are 

consistent with our experimental data. Hormones or other types of molecules signaling 

in the nucleus in a concentration dependent manner fit this criterion (auxin, 

brassinosteroids, or gibberellic acid; (96-101, 117)). Likewise, models in which the 

signal occurs at fertilization and then dictates subsequent fruit growth are also consistent 

with our data. Hints at the signal(s) involved can be gained through hijacking these 

signaling pathways to bypass the requirement for fertilization as occurs in 

parthenocarpic seedless fruit or bypass the requirement for seed formation in 

stenospermocarpic seedless fruit. In stenospermocarpy, fertilization is required to 

trigger fruit growth, but normal seed development is arrested and incomplete. This 

phenomenon is found in some table grape varieties, avocado cultivars and sugar-apple 

(118, 119). Interestingly, a recent report provides compelling data positively correlating 

the lack of VvAGL11 function with stenospermocarpy in grapes (120). The gene 

VvAGL11 is the putative ortholog of the MADS-domain gene SEEDTSTICK (STK, aka 

AGL11), a key regulator of ovule and seed development (121). On the other hand, 
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mutations interfering with auxin signaling (122) or mis-expression of certain classes of 

cytochrome P450-encoding genes result in parthenocarpic fruit (123, 124). Interestingly 

these P450 genes as well as some hormone biosynthetic and signaling genes are 

expressed in ovules and seeds, suggesting that those tissues are the origin of the signal 

(125, 126Figueiredo, 2015 #5002, 127-129). Likewise, application of gibberellic acid 

(GA) and/or auxin to unfertilized Arabidopsis pistils triggers the development of 

parthenocarpic fruit; however none of these fruit are as fully elongated and developed 

as wild type, suggesting a cascade of more than one signal is required (130). A recent 

study shows that GA negatively regulates ovule initiation, which, in turn, would result 

in a depletion of the tissues producing the growth promoting signal(s) (129). It is worth 

also mentioning that recent reports have identified a new family of transporters for GA 

distribution (131, 132). In addition, other types of signals such as small non-coding 

regulatory RNAs (133-135) or the increasing portfolio of new metabolites (136, 137) 

could participate in the signaling cascade if they act at fertilization or their activity range 

increases as the cells expand. Interestingly, we previously found that the small RNA 

miR172 is required for correct fruit growth (49). 

Fruit are arguably the most complex of all plant organs and are critical for reproductive 

success and plant survival. The importance of fruit to crop yield and food production is 

unquestionable, making the study of the different aspects of fruit growth and 

development key for agricultural innovation and global food security. For nearly three 

decades, studies on Arabidopsis fruit development have focused on deciphering the 

underlying genetic pathways sculpting fruit patterning and dehiscence, which led to the 

elaboration of very detailed regulatory networks for these developmental programs. 
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Interestingly, these regulatory networks seem to be conserved across species, and 

manipulating them assisted in the generation of new crop cultivars with improved yields 

(138). Our studies pave the path towards creating a clear understanding of fruit growth 

and plant morphogenesis in general and to facilitate strategies aimed at engineering 

crops to further increase their agroeconomic value. 
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Additional Supplementary results 

Ovule fertilization and seed formation trigger fruit growth 

Our pollination assays were in line with previous reports and further support the critical 

role of pollination (and thus fertilization) in correct Arabidopsis valve elongation (62-

64). To follow in more detail fruit elongation after pollination, we decided to perform 

additional assays taking advantage of ap3, a male sterile mutant. The Arabidopsis class 

B floral organ identity gene APETALA3 (AP3) specifies petal and stamen formation in 

the flower, thus ap3 flowers are male sterile when homozygous and fertilization of the 

ovary is not achieved ((70), Suppl Fig. 3.1E). We performed maximum pollination 

assays on ap3-6 pistils using wild-type pollen and evaluated fruit elongation in 24-hour 

intervals (24, 48, 72 hours). We observed that the difference between unpollinated and 

fertilized fruit was noticeable even after only 24 hours, suggesting that fruit elongation 

is a rapid response to fertilization (from the moment of ovule fertilization to the 

corresponding output fruit elongation response; Suppl Fig. 3.1E, F and G). At the 48-

hour time point (Suppl Fig. 3.1H), valve epidermal cells from pollinated ap3-6 fruit are 

conspicuously larger than those of ap3-6 carpel epidermis at time 0h (Suppl Fig. 3.1F), 

or unfertilized wild-type pistils (Fig. 3.1C and E). In summary, this set of experiments 

suggests that ovule fertilization and seed development are tightly coordinated with the 

corresponding growth of the fruit valve, and that valve response to fertilization is a rapid 

mechanism. 
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Materials and Methods 

Plant materials 

The cer6-2 mutant strain was originally isolated in Ler (63, 69) and backcrossed seven 

times to Col-0 before further experiments. The ap3-6 and qrt1 (71) mutants were 

obtained from the Arabidopsis stock center (www.arabidopsis.org) and ntt was 

originally isolated in (59), and all in the Col-0 accession. All the remaining lines are in 

the Col-0 accession. 

 

Growth conditions 

Seed sowing and plant growth are described in (49). For confocal imaging, plants were 

grown under 16-hour fluorescent light (100 μmol m−2 s−1) 8-hour dark conditions at 22°C 

in Percival growth chambers. Seeds were sown on Lambert Mix LM-111 soil and cold-

stratified at 4°C for 3 to 5 days. Fruit developmental stages were described according to 

previous reports (72). 

 

Fertilization assays and fruit elongation assay 

Gynoecia from the male sterile ap3-6 mutants were fully pollinated using wild-type Col-

0 pollen or not pollinated. Pictures were taken in intervals of 24-hour intervals for three 

days (72 hours). Pictures of unpollinated ap3-6 pistils were taken after 72 hours. For 

each time point and for unpollinated assays, an average of 20 pistils were used. Figure 

2 shows representatives for each time point and unpollinated. 
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cer6-2 is a conditional mutant that only produces viable pollen when grown in >70-80% 

humidity. In our normal growing conditions cer6-2 did not produce any seeds, thus 

indicating the lack of fertilization. Pistils from cer6-2 were grown under restrictive 

conditions and valve elongation was assayed after 5 days. The length of the valve was 

measured in the lateral region of the valve (42) as the distance from the tip to the bottom 

using ImageJ software. The length of emasculated pistils was evaluated in the same 

manner. 

 

Quantification of seed number 

Pollen from qrt1 was used to pollinate cer6-2 grown in restrictive conditions. The 

resulting fruit were grown until maturity and seed number was counted under a Nikon 

SMZ1270 scope (Nikon). 

 

Scanning Electron Microscopy 

Samples subjected to SEM analyses were treated and processed as previously described 

in (49). 

 

FLIP platform for silique development and valve epidermal cell size quantification 

The plants used for live imaging express plasma membrane markers. For wild-type 

pLH13 (p35S::mCitrine-RCI2A) was used. For ntt, we used pMZ12 

(pUBQ10::mCherry-RCI2A), a Gateway-based construct generated using a pENTR 

vector containing mCherry-RCI2A (aka pHM52) and the pUB Gateway destination T-
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DNA binary vector. For our confocal imaging the ideal height of Arabidopsis plants is 

about 30 cm. 

For cell size quantification, stage17B siliques were dissected from the main branch and 

immediately mounted onto the slides. Five regions were evenly chosen from the valve 

epidermis during confocal imaging to see the cell size distribution along the silique. For 

live imaging, all floral organs of a stage14 flower on each plant were removed to expose 

the silique (with tweezers Dumont style5). After the dissection, plants were returned to 

the growth chamber for about 6 hours to recover. The pedicels of the siliques were then 

taped onto the slides. Pictures of the full silique were taken in intervals of 24 hours with 

a Zeiss Stemi 2000C stereomicroscope and a Canon Powershot A640 camera.  Next, the 

silique was mounted with a cover slip and water containing 0.02% Silwet. Three-

dimensional stack images were collected with a Zeiss 710 confocal laser scanning 

microscope using a 20X water-immersion objective (NA 1.0). Both the top and bottom 

of the fruit were imaged every 24 hours. Tile scanning (normally 1X3 tiles) was used to 

ensure the capture of enough cells. The depth of z-sections was set to 0.6 μm (early 

stage) or 0.8 μm (late stage). mCitrine was excited with a 514 nm laser and emission 

from 519-621 nm was collected. mCherry was excited with a 561 nm laser and emission 

from 578-653 nm was collected. The resulting confocal stacks were converted to .tif 

format with Fiji and then imported into MorphoGraphX (2). The stacks were processed 

similarly the description in Hong et al. (2016). The processing procedure included 

Gaussian blur stack (normally 2 times), Edge detection (Threshold 7000, Multiplier 2.0, 

Adapt factor for threshold 0.3, Fill value 30000), Fill holes (X Radius 5, Y Radius 5, 

Threshold 10000, Depth 0, Fill value 30000, repeated several times until the overall 
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surface became smooth), Marching Cube Surface (Cube size 9, Threshold 20000), 

Smooth Mesh (Passes 10), Subdivide mesh along with Smooth Mesh (repeated several 

times to reach reasonable mesh number, normally around 1 million), Project signal 

(project confocal signal to the generated mesh surface, the distance of signal was 

normally chosen as 5-9 µm but was changed corresponding to the image quality), adding 

seeds for cell segmentation (with “add new seed” function), Watershed segmentation 

and Fix corner (Maximal number of turns 5). Cell lineages were tracked by manually 

assigning daughter cells at the later time points to the parent cell at the earlier time points. 

The cell area heatmap was generated from the area of the segmented cells. The growth 

heatmap was calculated as the ratio of the cell lineage area at the later time point divided 

by the cell area at the earlier time point. The cell growth rate and cell area were exported 

and analyzed with Excel to show the average or the distribution. The cell division heat 

map was also generated in MorphoGraphX based on how many daughter cells there 

were present for each parent cell.   

 

Flow cytometry 

For quantification of the ploidy level of siliques, we harvested fruit at stage 14 and at 

stage 17. For stage 14, sepals, petals and stamens were carefully removed with a 

Dumont tweezers under a dissecting microscope. Flow cytometry experiments were 

performed similarly as described in (89). Briefly, fruit (including developing seeds) 

were chopped in Aru buffer (139) and the mixtures were filtered with 40 µm cell 

strainers. The samples were then RNase treated, stained with propidium iodide and run 

on an Accuri C6 flow cytometer. Histograms of DNA content in individual cells were 
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generated with Accuri supporting software and further data analysis was done with 

Microsoft Excel. For statistical significance a Students t-test was calculated. 

 

Modeling General Description  

To model fruit elongation we consider the “signal” as derived from fertilized ovules 

(seeds) and acting on eliciting growth. We divided the fruit valve in  

compartments corresponding to the 60 seeds found on average in wild-type siliques, and 

compartment sizes being . All compartments initially have the same 

size (at time ):  for all . The distance between the top of the fruit and 

compartment 𝑖 is then 

  

We considered the number of compartments producing the signal to be  in wild-

type (all seeds fertilized), and  in ntt mutant, corresponding to 15 seeds fertilized 

on average (59). We assumed the signal to be decaying exponentially outside of the 

region where fertilized ovules and seeds develop, with a range , which allows us to 

qualitatively account for any type of signal depending on the hypothetical range of 

action. 

Finally, we considered the dynamics of size to be prescribed by signal level, and more 

specifically, that the growth pattern at time  directly reflects the signal. 

Accordingly, we estimated the range  based on initial growth pattern in the ntt mutant. 

The ratio of average growth rate between the top, , and the bottom, , region 
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of the fruit is equal to the ratio between average signal in these same domains. The 

signal is constant at the top  compartments, and then it decays exponentially, 

proportionally to  

 

where  is the coordinate along the fruit. Therefore, 

 

Using the growth ratio observed in ntt mutant post fertilization, 

, we get =26 from Eq. (2). 

Model 1 

We first considered that the signal directly prescribes the growth rate and that it has an 

absolute range,  being measured in units of initial compartment size. The dynamics of 

compartment size is then described by the following differential equations. 

  

(Here and elsewhere, the unit of time is the inverse of the basal growth rate.) Simulations 

were stopped at time   such that the fold-increase in fruit length  

reached the observed fold-increase in wild-type. 

 
Model 2 

We then considered that the signal prescribes the growth potential (the maximal size of 

the compartment) and that it has an absolute range. The dynamics of compartment size 

is then described by logistic equations. 
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The parameter  was chosen to match the wild-type fold-increase in fruit length. 

 
Model 3 

Finally, we considered that the signal prescribes the growth potential and that its range 

expands following fruit elongation. The initial position of the compartment 

(equivalently its index) replaces distance in the previous model. 

 

The parameter  was chosen to match the wild-type fold-increase in fruit length. 

Numerical solution and graphs 

The models were implemented in Mathematica 12 (Wolfram Research Inc., Champaign, 

IL, USA); the differential equations were solved using NDSolve; graphs were generated 

using Plot and ListPlot. The simulations are non-dimensionalized. To ease comparison 

with experimental plots, we inferred timescales and lenghtscales from experimental data. 

We used 0.38 days as unit of time, 1/30 mm as unit of valve length, and 1000 µm2 as 

unit of cell area. 

We plotted the following quantities: total fruit size, ; final cell size as a function 

of position , which is proportional to , where  is the final time (model 1) or a 

time large enough for the solutions to have converged (models 2 and 3); growth rate, 

, at the top ( ) and at the bottom ( ). 
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Abstract 

My previous research on the VOS2 gene (Chapter 2) has revealed that VOS2 ensures 

robust sepal size through regulating the temporal initiation pattern of the sepals. VOS2 

primarily regulates two developmental aspects: focusing hormone signaling at the site 

of the incipient sepal primordia and softening cell walls to promote sepal primordium 

growth. However, whether this gene has other functions remains unclear. Here, we first 

use phylogenetic analysis to identify one paralog of VOS2, VOS2-like (VS2L), in the 

Arabidopsis genome and show that both are involved in sepal size robustness. Further 

analyzing cell division and ROS accumulation in vos2 mutants indicates that they are 

also affected by vos2 mutations. Through genetic and transgenic manipulation of 

hormone signaling, I also find that the regulation of the sepal initiation by VOS2 requires 

focused zones of signaling and does not simply depend on hormone signaling level. 

Furthermore, I provide the details for hormone gradient concentration treatment. 

Overall, this Chapter is intended to provide additional information about VOS2 function 

and technical details for experimental design. 
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Introduction 

Development is remarkably reproducible, generally producing the same organ with 

consistent size and shape. For example, mouse brains vary in size by only about 5%1. 

Likewise in humans, two arms maintain equal length from infancy to adulthood2. 

Robustness is crucial throughout organ growth. In Arabidopsis thaliana, all four sepals 

of the flower must maintain equal size throughout development to form a complete 

barrier to protect the developing reproductive organs3. Our laboratory uses Arabidopsis 

sepals, the outermost floral organs, as a model system for investigating the mechanisms 

of organ size robustness. We screened for mutants exhibiting variable sizes or shapes of 

the sepals, thus disrupting robustness4. Our previous analysis of the variable organ size 

and shape1 (vos1) mutant revealed that synchrony of sepal maturation contributes to 

size robustness4. 

From that mutant screen, we also isolated the variable organ size and shape2 (vos2) 

mutant which had sepals of different sizes within the same flower (Chapter 2). Map-

based cloning of vos2 identified a G to A point mutation in a splice acceptor site of the 

gene VOS2 (AT1G58220). Based on previous research (Wu et al. 5), VOS2 encodes a 

MYB domain protein, regulating cell expansion and sepal initiation. Sepal primordium 

initiation is variably delayed in vos2 mutants and the variably delayed initiation disrupts 

sepal size robustness throughout development (Chapter 2). 

Before primordium initiation, the first sign of the incipient primordium is a localized 

region of auxin signaling created by the polarized transport of auxin6–9. Through its 

crosstalk with auxin, the plant hormone cytokinin controls the precise timing of flower 
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primordium initiation within inflorescence meristems10,11. I examined the auxin 

response reporter DR5 (pDR5rev::3XVENUS-N7)6,12 and the cytokinin signaling 

reporter pTCS::GFP13, and I found that more diffuse auxin and cytokinin responses in 

vos2 mutants correlate with delayed sepal initiation (Chapter 2). In conclusion, focused 

auxin and cytokinin signaling defines zones of competence for sepal initiation, thus 

regulating the timing of sepal initiation. 

In this chapter, we have identified one paralog of VOS2, VOS2-like (VS2L) in the 

Arabidopsis genome and show that partial loss-of-function of V2SL can enhance vos2 

sepal phenotypes. I also show that besides focusing hormone signaling and promoting 

cell expansion, VOS2 also regulates cell division and ROS accumulation. In addition, I 

include the experimental details for the hormone concentration gradient treatment. to 

help future experimental design. 

 

Results 

VOS2 has one close paralog in the Arabidopsis genome 

We performed a phylogenetic analysis to identify homologs of VOS2 and determine if 

they had known functions. We identified one close paralog of VOS2 in the Arabidopsis 

genome, AT1G09710. Since this gene had not been previously characterized, we named 

it VOS2-like (VS2L). VOS2 and VS2L define a family of genes conserved in land plants 

all the way from Physcomitrella patens (a bryophyte, a small nonvascular spore-bearing 

land plant) and Amborella trichopoda (a basal angiosperm) to eudicots such as 

Arabidopsis (Fig. 4.1). Besides the conserved MYB domain, this family of genes also 
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shares a previously undescribed protein domain found in residues 1 – 118 of the VOS2 

amino acid sequence (see details in the Methods). This sequence conservation implies 

that the biological functions of VOS2 might be conserved across various plant species. 

 

Figure 4.1 Phylogenetic analysis of the VOS2 gene across different plant species. 
VOS2 encodes a MYB domain protein. Based on the phylogenetic analysis, VOS2 (AT1G58220) 
and VOS2-like (AT1G09710) are the only two closely related paralogs in the A. thaliana genome. 
They define a family of genes conserved in land plants all the way to Amborella and moss. The 
core biological function of VOS2 is likely to be something also required in a very wide variety 
of other land plants. Confidence values (posterior probabilities) for branches of the phylogeny 
are given as decimal fractions. Branch lengths are measured in average substitutions among 
non-gap positions. Two proteins from A. thaliana (vos2/AT1G58220 and its paralog 
AT1G09710) are labeled in red; proteins from the basal angiosperm Amborella trichopoda and 
the moss Physcomitrella patens are labeled in blue and green, respectively. 
(The phylogenetic analysis was done by Erich M. Schwarz.) 
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VS2L mutations can enhance vos2 sepal size variability 

To determine whether VOS2 and VS2L share redundant biological functions, I ordered 

the T-DNA insertion allele for VS2L and identified a homozygous mutant line. Unlike 

vos2, vs2l single mutants do not exhibit sepal size defects (Fig. 4.2a-d). I then attempted 

to generate the double mutant for these two genes but failed. When I checked the 

inflorescences and young flowers of vos2 homozygous and vs2l heterozygous plants, 

the sepal size defects were enhanced relative to vos2 single mutants (Fig. 4.2e-i). This 

haploinsufficiency of vs2l in the vos2 sepal background indicates they are both 

regulating sepal size robustness although VOS2 appears to be the major regulator. vos2 

homozygous vs2l heterozygous mutants barely set seeds (Fig. 4.2j). I also tested whether 

the failure to generate the double mutant resulted from embryo or pollen lethality. When 

I pollinated the vos2 homozygous vs2l heterozygous pistils with WT pollen grains, it 

restored some of the seed formation, although not efficiently (Fig. 4.2j-l). This suggests 

that VOS2 or VS2L regulates both pollen and ovule development. 
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Figure 4.2 VOS2-like mutations can enhance vos2 mutant phenotypes. 
(a - c) Stage 12 flowers of WT (a), vos2 (b) and VS2L T-DNA insertion allele (c, hereafter vs2l). 
Orange arrow: a smaller sepal in the flower. Scale bars: 0.5 mm. 
(d - g) Whole inflorescences of WT (e, top view), vos2 (f, top view), vs2l (d, side view) and 
vos2 (-/-) vs2l (-/+) (g, top view). Unclosed flower buds in the mutants indicate that young 
flowers have variable sepal sizes. vs2l single mutants have similar phenotypes to WT, but vos2 
(-/-) vs2l (-/+) plants exhibit more severe sepal size variability phenotypes than vos2 single 
mutants. Orange arrows: examples of smaller sepals in the individual flowers. Scale bars: 0.5 
mm. 
(h – i) Confocal images of vos2 (h) and vos2 (-/-) vs2l (-/+) (i) inflorescences that show the 
sepal initiation patterns in young flowers. Note that the initiations of certain sepals are more 
severely delayed in vos2 (-/-) vs2l (-/+) (often the inner positions). The delay is visually 
apparent in that the inner floral organs are already initiating before the sepals grow out to 
cover the meristem. Orange arrows: example sepals with delayed initiation. Scale bars: 50 μm. 
(j – l) Pollination test to determine whether the double mutant is embryo lethal. The normal 
developed siliques of vos2 (-/-) vs2l (-/+) generates almost no seeds (j, NP: no manual 
pollination). When the siliques of vos2 (-/-) vs2l (-/+) are hand pollinated with its own pollen, 
seed formation is totally abolished (k, SP: manually pollinated with pollen from itself). When 
the siliques of vos2 (-/-) vs2l (-/+) are manually pollinated with WT pollen, a few seeds form (l, 
HP: hand pollinated with pollen from WT). Scale bars: 1 mm.  
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VOS2 promotes cell division 

My previous research shows that VOS2 promotes sepal growth (Chapter 2). When VOS2 

is mutated, not only are the sepals more variable in their size throughout development, 

but also the average sepal size decreases. I examined how sepal size was affected by 

quantifying the final cell number and cell area of mature sepals. At maturity, the cell 

area increases while the cell number decreases in vos2 sepals (Fig. 4.3). vos2 sepals 

undergo fewer cell divisions whereas the cells expand to larger sizes than wild type. 

Typically, when a genetic defect causes a decrease in cell number, it will also cause an 

enhancement of cell expansion, and vice versa. This phenomenon is termed 

“compensation” and serves as a key factor in organ size control14,15. Thus, the classic 

compensation phenomenon between cell proliferation and cell expansion occurs in vos2 

sepals, although this compensation is not sufficient to restore sepal size entirely. 

 

  



194 

Figure 4.3 The cell number decreases while the cell area increases in mature vos2 sepals. 
(a) Confocal images of WT and vos2 mature sepals. Scale bar: 200 μm. 
(b) The number of cells in the abaxial sepal epidermis is significantly smaller in mature vos2 
sepals compared to WT. Two-tailed Student’s t test * p-value < 0.05 (p-value for the mean of 
cell number, WT versus vos2: 0.003). N = 3. 
(c) Average cell area is significantly bigger in vos2 mature sepals compared to WT. Two-tailed 
Student’s t test * p-value < 0.05 (p-value for the mean of cell area, WT versus vos2: 0.02). N = 
3. 
 

VOS2 does not regulate cell ploidy in sepals. 

Larger cell size often correlates with increased cell ploidy16, so I tested whether cell 

ploidy changes in vos2 mutants. I used 4′,6-diamidino-2-phenylindole (DAPI) staining 

to visualize the DNA content of the cell nuclei in sepals. I found that the cell ploidy 

level was not obviously unchanged in different vos2 cells, including giant cells, 

trichomes, guard cells of stomata, and other pavement cells on the sepal surface (Fig. 

4.4). vos2 mutations increase cell area, although not through increasing the cell ploidy 

level. 

 

Figure 4.4 The ploidy level of cells in sepals is not affected by VOS2 mutations. 
(a) Use of 4′,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei of cells in WT sepals. 
The ploidy level of cell nucleus can be determined based on the fluorescence. The giant cell and 
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trichomes show enlarged nuclei with increased ploidy (generally 16C) compared to the normal 
pavement cells while stomata guard cells remain low ploidy level (2C). Scale bars: 10 μm. 
(b) Use of DAPI to visualize the nuclei of cells in vos2 sepals. All the cell types examined 
behave similarly to WT. Scale bars: 10 μm. 
 

VOS2 does not obviously affect microtubule alignment in inflorescence meristems. 

The orientation of cortical microtubules responds to the mechanical stress patterns in 

cells. The coordinated patterns of microtubule arrays guides apical meristem 

morphogenesis17. Because vos2 mutants also have phyllotaxy defects (the initiation 

order of flower primordia from inflorescence meristems, mentioned in Chapter 2), I was 

curious whether the cortical microtubule alignment was affected by VOS2 mutations. I 

examined the expression of the microtubule marker p35S::MBD-GFP17 in both WT and 

vos2 inflorescence meristems. In WT inflorescences, the orientation of microtubules is 

isotropic at the meristem summit due to their highly dynamic rearrangement in response 

to isotropic stress patterns. At the periphery of the meristem, circumferential orientation 

of microtubules is dominant (Fig. 4.5a-b). In vos2 inflorescence meristems, we also 

observe isotropic microtubule arrays at the top of meristems. Possibly due to some 

damage that occurred at the near the top of the inflorescence meristems, the 

microtubules arrays at the periphery surround two isotropic centers instead of one (Fig. 

4.5c-d). It remains unclear why damage occurs more often in vos2 samples, raising the 

question whether these two centers are really cause by damage or instead are part of the 

mutant phenotype. Further imaging is required to draw a convincing conclusion. 
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Figure 4.5 The alignment of cortical microtubules is not obviously affected in vos2 mutants. 
(a – b) The alignment of cortical microtubules in replicate 1 (a) and replicate 2 (b) of WT 
inflorescence meristems. The darker signal at the center occurs due to the isotropic orientation 
of microtubules at the meristem summit. Microtubule arrays at the periphery surround the center 
of meristems. Scale bars: 10 μm. 
(c – d) The alignment of cortical microtubules in replicate 1 (c) and replicate 2 (d) of vos2 
inflorescence meristems. Again, the darker signal at the center occurs due to the isotropic 
orientation of microtubules at the meristem summit. Areas with possible damage or second 
regions of isotropic microtubules at the top are indicated with red arrows. Microtubule arrays at 
the periphery surround two centers. One is the meristem summit, and the other is the putative 
damage position. Scale bars: 10 μm. 
 

VOS2 mutations affect ROS accumulation 

Reactive oxygen species (ROS) act as growth regulators in part through modifying cell 
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wall mechanics18–21. Although it is still unclear whether they promote cell wall 

stiffening or cell loosening, they are thought to be involved in the termination of sepal 

growth as their accumulation patterns coincide with the progressive growth maturation 

pattern 22,23. ROS include many molecules, with hydrogen peroxide and superoxide as 

the two major species 24. I thus determined the patterns of hydrogen peroxide with 3,3′-

diaminobenzidine (DAB) staining and superoxide with Nitro Blue Tetrazolium (NBT) 

staining. In wild type, NBT staining indicates that superoxide accumulates from the tip 

of all four sepals at almost the same time, same as published in Hong et al. 2016 (Fig. 

4.6a). Superoxide accumulation is more asymmetric in vos2 sepals, often with much 

higher accumulation at petioles and sepal bases (Fig. 4.6b-c). The NBT staining level is 

relatively variable in the vos2 flowers, which is similar to the DAB staining (Fig. 4.6d). 

In conclusion, ROS accumulation is relatively variable among vos2 replicates. The 

accumulation pattern is more asymmetric and often does not start from the tip. 
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Figure 4.6 Patterns of reactive oxygen species (ROS) accumulation are altered in vos2 
mutants. 
(a) Nitro Blue Tetrazolium (NBT) staining for superoxide in WT flowers. The NBT stain 
appears at the tip of all four sepals at almost the same time. The stain then moves downwards 
to the bottom of the sepals, potentially through the vasculature systems. Scale bars: 125 μm. 
(b) NBT staining for superoxide in vos2 flowers of Replicate 1 (R1). For this replicate the NBT 
staining is stronger compared to WT, especially in the petiole regions. The NBT stain appears 
strongly first at the bottom of sepals. Staining is more asymmetric in vos2 than WT. Scale bars: 
125 μm. 
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(c) NBT staining for superoxide in vos2 flowers of Replicate 2 (R2). For this replicate the NBT 
sepal staining levels are similar to WT. The inflorescence still has stronger staining in the petiole 
regions of some flowers. The NBT stain remains more asymmetric in this replicate. Scale bars: 
125 μm. 
(d) 3,3′-diaminobenzidine (DAB) staining of H2O2 in WT, vos1 (ftsh4-5) and vos2 (3 replicates) 
inflorescences (from left to right). vos1 has stronger DAB staining, indicating higher H2O2 level. 
The DAB staining is more variable in different replicates of vos2. Scale bars: 1 cm. 
 

Auxin treatment does not induce VOS2 expression 

We have reported that VOS2 focuses auxin signaling at the regions where sepals initiate 

during young flower development. Also overall auxin signaling is repressed in vos2 

mutants. The first question I asked was whether vos2 mutations dampen auxin response. 

I treated inflorescences which expressed the auxin response reporter DR5 with external 

synthetic auxin 1-Naphthaleneacetic acid (NAA) and found that the expression of the 

auxin response reporter was induced as expected (Fig. 4.7a-d). I then treated both the 

WT and vos2 seedlings expressing DR5 with NAA. In both lines, the DR5 expression 

increased (Fig. 4.7e-h), showing that the auxin response induction was not abolished in 

vos2 mutants. The second question I asked was whether the expression of VOS2 

expression is induced by auxin. When the VOS2 transcriptional reporter lines were 

treated with NAA, the expression of the reporter was similar to the mock treatment (Fig. 

4.7i-l). Thus, VOS2 is neither directly induced by auxin nor able to inhibit the 

downstream responses induced by auxin. 
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Figure 4.7 Auxin response induction by NAA is not affected by VOS2 mutations and VOS2 
expression is not obviously induced by NAA. 
(a – d) 1-Naphthaleneacetic acid (NAA) treatment (c to d) induces the expression of the auxin 
response reporter (DR5::3XVENUS-N7, yellow) in inflorescences, while mock treatment (a to 
b) does not. The cell plasma membrane is labeled with fluorescence reporter p35S::mCitrine-
RCI2A (gray). Scale bars: 50 μm. 
(e – h) NAA treatment (e to f) induces the expression of auxin response reporter 
(DR5::3XVENUS-N7, yellow) in WT roots. VOS2 mutations do not abolish this induction (g to 
h). The cell plasma membrane is labeled with fluorescence reporter p35S::mCitrine-RCI2A 
(gray). Scale bars: 50 μm. 
(i – l) NAA treatment does not induce the expression of VOS2 Transcriptional reporter 
(pVOS2::3XVENUS-N7, nuclear localized gray signal). Scale bars: 50 μm. 
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Auxin treatment cannot rescue the vos2 sepal phenotypes 

In the flower, auxin induces cell wall loosening, promoting cell expansion and allowing 

the primordium to emerge25. Due to the lower overall auxin response level in vos2 

flowers, I also wondered whether we could rescue the vos2 sepal phenotypes with NAA 

treatment. A low concentration of NAA (1 μM) appeared not to affect sepal initiation 

and growth in both WT and vos2 mutants (Fig. 4.8a-d). A high concentration of NAA 

(10 μM) also did not rescue the vos2 sepal phenotypes (Fig. 4.8e-f). Because the high 

concentration of NAA strongly arrested flower growth, it remains unclear whether the 

failure to rescue mutant phenotypes by NAA was due to arrested growth or not. Also, I 

have shown that the focused spatial pattern of auxin responses is crucial for robust sepal 

initiation pattern, which can explain why applying NAA broadly to the inflorescences 

cannot rescue the vos2 mutant phenotypes. 
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Figure 4.8 NAA treatment cannot rescue vos2 sepal initiation defects. 
(a – b) Mock treatment of WT (a) and vos2 (b) inflorescences. WT young flowers have robust 
sepal initiation patterns while some sepals initiate later than normal in vos2 young flowers. Scale 
bars: 50 μm. 
(c - d) 1μM NAA treatment on WT (c) and vos2 (d) inflorescences. WT young flowers still have 
robust sepal initiation patterns and delayed sepal initiation can be still observed in vos2 young 
flowers with 1μM NAA treatment. Scale bars: 50 μm. 
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(e – f) 10 μM NAA treatment on WT (c) and vos2 (d) inflorescences. No obvious initiation 
pattern change can be observed in either WT or vos2. Growth is nearly arrested under this 
condition. Scale bars: 50 μm. 
 

WT flowers with BAP treatment can mimic vos2 flowers 

The plant hormone cytokinin controls the precise timing of flower primordium 

initiation10. We have reported that 5 μM 6-Benzylaminopurine (BAP) treatment can 

cause delayed sepal initiation defects in WT flowers (Chapter 2). Such treatments can 

also enhance the vos2 phenotypes. Here I show the phenotypes of inflorescences treated 

with a gradient of concentrations of BAP, varying from 0.01 μM to 100 μM. The low 

concentrations of BAP (0.01 μM and 0.1 μM) did not obviously affect sepal growth (Fig. 

4.9a-f). Starting from 1 μM, the BAP treatment started to affect sepal initiation patterns 

in both WT and vos2 mutants (Fig. 4.9g-h). The effects were also visible for all higher 

concentration tested, although too high concentration of BAP (Starting from 10 μM) 

arrested flower growth (Fig. 4.10). In conclusion, external BAP treatment affects robust 

sepal initiation and 5 μM is the optimal concentration. 
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Figure 4.9 1 μM BAP treatment can mildly enhance sepal initiation defects. 
(a – b) Mock treatment of WT and vos2 inflorescences. The inflorescences were imaged at 24 
hours and 144 hours after the beginning of the treatment. The cell plasma membrane is labeled 
with p35S::mCitrine-RCI2A (gray). Sepal initiation is not affected by mock treatment. Scale 
bars: 50 μm. 
(c – d) 0.01 μM 6-Benzylaminopurine (BAP) treatment of WT and vos2 inflorescences. Sepal 
initiation is not affected by 0.01 μM BAP treatment. Scale bars: 50 μm. 
(e – f) 0.1 μM BAP treatment of WT and vos2 inflorescences. Sepal initiation is not affected by 
0.1 μM BAP treatment. Scale bars: 50 μm. 
(g – h) 1 μM BAP treatment of WT and vos2 inflorescences. Starting from this concentration, 
BAP treatment can induce some sepal initiation defects in WT (yellow arrow in g) and enhance 
the sepal size variability in vos2 (yellow arrow in h). Scale bars: 50 μm. 
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Figure 4.10 Five μM BAP treatment is the optimal condition to enhance sepal initiation 
defects. 
(a – b) Mock treatment of WT and vos2 inflorescences. The inflorescences were imaged 24 
hours and 144 hours after the beginning of the treatment. The cell plasma membrane is labeled 
with p35S::mCitrine-RCI2A (gray). Sepal initiation is not affected by mock treatment. Scale 
bars: 50 μm. 
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(c – d) 5 μM BAP treatment of WT and vos2 inflorescences. 5 μM BAP treatment induces 
delayed sepal initiation in WT (yellow arrow in c) and enhances the sepal initiation defects in 
vos2 (yellow arrow in d). vos2 outer sepals are also affected by 5 μM BAP treatment although 
they always appear normal in vos2 mutants under mock conditions. Scale bars: 50 μm. 
(e – f) 10 μM BAP treatment of WT and vos2 inflorescences. 10 μM BAP treatment induces 
delayed sepal initiation in WT (yellow arrow in e) and enhance the sepal initiation defects in 
vos2 (yellow arrow in f). However, starting from this concentration, BAP treatment starts to 
arrest the flower growth. Scale bars: 50 μm. 
(g – h) 20 μM BAP treatment of WT and vos2 inflorescences. 20 μM BAP treatment induces 
delayed sepal initiation in WT (yellow arrow in g) and enhances the sepal initiation defects in 
vos2 (yellow arrow in h) but also inhibits flower growth. Scale bars: 50 μm. 
(i – j) 50 μM BAP treatment of WT and vos2 inflorescences. 50 μM BAP treatment induces 
delayed sepal initiation in WT (yellow arrow in i) and enhances the sepal initiation defects in 
vos2 (yellow arrow in j) but also inhibits flower growth. Scale bars: 50 μm. 
(k – l) 100 μM BAP treatment of WT and vos2 inflorescences. 100 μM BAP treatment induces 
delayed sepal initiation in WT (yellow arrow in k) and enhances the sepal initiation defects in 
vos2 (yellow arrow in l) but also inhibits flower growth. Scale bars: 50 μm. 
 

Both NAA treatment and BAP treatment can repress root growth 

I also treated both WT and vos2 seedlings with either NAA or BAP, again with a 

gradient of concentrations. Relatively high concentrations of NAA (1 μM and 10 μM) 

represses normal seedling development for both WT and vos2 (Fig. 4.11a-d). BAP 

treatment can also repress root growth of both WT and vos2. However, the vos2 roots 

appears less sensitive to the external BAP treatment, possibly due to saturation of the 

cytokinin response, which was already elevated by the higher internal cytokinin level 

(Fig. 4.11e-g). 
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Figure 4.11 NAA and BAP treatment arrest root growth in both WT and vos2 mutants. 
(a) Mock treatment on WT and vos2 seedlings, imaged around 7 DAG (day after germination). 
WT roots are longer than vos2 and with more lateral roots. Scale bars: 1 cm. 
(b) 0.1 M NAA treatment on WT and vos2 seedlings, imaged around 7 DAG (days after 
germination). Both WT and vos2 roots are shorter under this condition. Scale bars: 1 cm. 
(c) 1 M NAA treatment on WT and vos2 seedlings, imaged around 7 DAG. Both WT and vos2 
seedling growth are arrested under this condition. Scale bars: 1 cm. 
(d) 10 M NAA treatment on WT and vos2 seedlings, imaged around 7 DAG. Both WT and vos2 
seedling growth are strongly arrested under this condition. Scale bars: 1 cm. 
(e) 0.01 M BAP treatment on WT and vos2 seedlings, imaged around 7 DAG. Neither WT nor 
vos2 seedling growth is affected under this condition Scale bars: 1 cm. 
(f) 0.1 M BAP treatment on WT and vos2 seedlings, imaged around 7 DAG.  Both WT and vos2 
roots are shorter under this condition. Lateral root formation of WT is also abolished by 0.1M 
BAP. Scale bars: 1 cm. 
 (g) 1M BAP treatment on WT and vos2 seedlings, imaged around 7 DAG. Both WT and vos2 
roots are shorter under this condition. Lateral root formation of WT is also abolished by 1M 
BAP. The vos2 seems less sensitive to the BAP treatment than WT, possibly because it is already 
saturated. Scale bars: 1 cm. 
 

Manipulating auxin/cytokinin signaling does not effectively rescue the vos2 

phenotypes 

Our previous research has revealed that auxin signaling is weaker and more diffuse in 

vos2 mutants while cytokinin signaling is stronger and more diffuse in vos2 mutants 



208 

(Chapter 2). I initially hypothesized that the sepal initiation defects in vos2 could be 

caused by the abnormal levels of hormone signaling and I tested whether I could restore 

sepal initiation by lowering cytokinin signaling or increasing auxin signaling. To reduce 

cytokinin signaling, I expressed the Arabidopsis HISTIDINE PHOSPHOTRANSFER 

PROTEIN 6 (AHP6), which acts as a cytokinin signaling inhibitor26, under VOS2 

promoter. The pVOS2::AHP6 can mildly rescue the vos2 phenotypes. Around 5 days 

after the bolting when the inflorescence was relatively young, the flower phenotypes of 

the transgenic line behaved more similarly as WT (Fig. 4.12a-b, T1 plants, 14/15). 

However, when the inflorescences grew older (around 20 days after the bolting), the 

inflorescences were indistinguishable from vos2 (Fig. 4.12 c-d, T1 plants, 15/15). 

 

Figure 4.12 The expression of cytokinin signaling inhibitor AHP6 driven by the VOS2 
promoter can mildly rescue vos2 phenotypes. 
(a - b) The whole inflorescences of pVOS2::AHP6 vos2 transgenic line T1 (a, top view), and 
vos2 (b, top view) around 5 days after bolting. The unclosed flower buds in the mutants indicate 
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the variable sepal sizes in young flowers. The inflorescences of the transgenic line appears 
similar to WT, in that the flowers are closed, compared to vos2. Scale bars: 0.5 mm. 
(c - d) The whole inflorescences of pVOS2::AHP6 vos2 transgenic line T1 (c, top view), and 
vos2 (d, top view) around 20 days after bolting. The inflorescences of the transgenic line at this 
stage behaves indistinguishably from vos2, with open flowers. Scale bars: 0.5 mm. 
 

I also expressed AHP6 genomic DNA under 35S and Ubiquitin10 promoters in vos2 

backgrounds but neither of these transgenes had obvious effects on sepal phenotypes in 

T1 plants. I further attempted to downregulate the cytokinin level by crossing the wol 

(the WOL gene encodes a cytokinin receptor27) mutation into vos2 mutants. The double 

mutants were dwarfed, and the variable sepal phenotypes persisted (Fig. 4.13), 

suggesting that reducing cytokinin signaling generally was insufficient to restore sepal 

size robustness. In addition to the cytokinin signaling level, I also attempted to rescue 

the vos2 phenotype through increasing the auxin level by ectopically expressing the 

auxin biosynthesis gene YUCCA1 (YUC1)28 under the promoters of VOS2, 35S and 

Ubiquitin10. The T1 plants did not show obvious rescue of variable sepal phenotypes 

(data not shown). Through manipulating the cytokinin and auxin signaling levels via 

generating transgenic lines and genetic crossing, my work indicated that the temporal 

pattern of sepal initiation is mainly affected by the spatiotemporal accumulation of 

hormone signaling. Contrary to the hypothesis that only the signaling levels matter, the 

proper spatial patterns of hormone signaling are crucial for the proper timing of sepal 

initiation. 
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Figure 4.13 Mutation of the cytokinin receptor WOL does not suppress vos2 phenotypes. 
(a - d) The whole plants of WT (a), vos2 (b), wol (c) and vos2 wol (d). The double mutant 
appears dwarfed, indicating that both VOS2 and WOL can affect plant growth, although possibly 
in an additive way. Scale bars: 1 cm. 
(c - d) The whole inflorescences of WT (e), vos2 (f), wol (g) and vos2 wol (h). wol single mutants 
do not have variable sepals while the double mutant has the variable sepal size phenotypes. 
Scale bars: 0.5 mm. 
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Discussion and Future directions 

Our additional data on VOS2 can be split into three major parts. 1. Phylogenetic analysis 

identified one paralog of VOS2, VOS2-like, in the Arabidopsis genome. vs2l single 

mutants do not have sepal phenotypes while its heterozygous mutation is enough to 

enhance the vos2 sepal phenotypes. The double mutant is likely to be lethal. 2. In 

addition to the previously proposed functions of VOS2 in focusing hormones and 

softening cell walls., I also find that VOS2 regulates the number of cell divisions and 

ROS accumulation. 3. Based on testing a gradient of BAP concentrations, I have found 

5 μM BAP is the optimal concentration to trigger sepal initiation defects. High 

concentration of NAA can suppress the growth of flowers and seedlings. The optimal 

concentration of NAA remains unclear. 

Based on the data discussed here, there are some interesting future directions: 

1. Continue the phylogenetic analysis. (1) Investigate the function of the N-terminal 

conserved domain which is outside of the MYB domain. The domain is conserved 

across plant species and possibly has specific functions (i.e. help DNA binding). (2) 

Check the genomes of Arabidopsis lyrata or other Brassicaceae to see if they are really 

missing orthologs of VOS2, or if the absence is due to a misleading failure to properly 

annotate a VOS2 gene. 

2. Understand how and why ROS accumulation is affected. One proposed scenario for 

achieving organ size robustness is that organs can sense their size and compensate 

through adjusting their maturation time until the organ has reached the correct size29. 

This mechanism is less convincing in sepals because we see the ROS accumulates at 
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the tip of all four sepals at almost the same time. This indicated that maturation is 

synchronized for all four sepals. It will be very helpful to see whether ROS 

accumulation really correlates well with growth maturation. For ROS detection, 

optimizing the protocol to make the results more consistent will be one of the keys for 

drawing convincing conclusions (it is possible that ROS is indeed variable in vos2, but 

the meaning remains unclear). Also, why ROS accumulates strongly at petiole and sepal 

bases in vos2 is an interesting question. 

3. Try to find the optimal concentration for NAA treatment. Based on our test, 1 μM 

NAA is not enough to trigger any phenotypic changes while 10 μM NAA can repress 

growth. It might be worthwhile to test the concentrations within this range to see 

whether a more optimal concentration of NAA can affect sepal phenotypes. 
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Materials and Methods 

Plant Growth Conditions 

Most of the plants were grown in soil either under 24-hr fluorescent light conditions 

(∼100 µmol m−2 s−1) at 22°C in Percival growth chambers or under a day-long cycle 

of 16h of light (∼100 µmol m−2 s−1) and 8h of dark at 22°C in a Percival growth 

chamber. All seeds were sown on Lambert Mix LM-111 soil and cold-stratified at 4°C 

for 2 days. Plants used for root phenotyping were grown in ½ Murashige and Skoog 

(MS) media (pH5.7, 1% agar) under 24-hr fluorescent light conditions (∼100 µmol 

m−2 s−1) at 22°C in Percival growth chambers. 

 

Mutations and genotyping 

In this study, I primarily use Arabidopsis thaliana accession Col-0 as the wild-type 

plants. I crossed vos2 with vs2l (with a T-DNA insertion in the fourth intron; 

SALK113831C) to test for redundancy. vs2l was genotyped with primers oMZ92, 

oMZ93 and JMLB2 or LBb1, SALK left border primers. 

 

Transgenic plants 

AHP6 gDNA was amplified with oMZ128 (forward) and oMZ125 (reverse). YUC1 

gDNA was amplified with oMZ115 (forward) and oMZ122 (reverse). The amplified 

gDNAs did not include 5’ and 3’ UTR, but did include introns. They were then cloned 

into pENTR/D-TOPO vectors (Invitrogen, pMZ25 for AHP6 and pMZ24 for YUC1). 
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The resultant vectors were LR combined into the destination vector pMZ4 (with VOS2 

promoter), pAR176 (with ATML1 promoter), pHM52 (with Ubiquitin promoter) and 

pB7GW2 (with 35S promoter) to generate the final constructs used in this paper: 

pVOS2::AHP6 (pMZ27), pATML1::AHP6 (pMZ33), pUBQ::AHP6 (pMZ34), 

p35S::AHP6 (pMZ35), pVOS2::YUC1 (pMZ26), pATML1::YUC1 (pMZ30), 

pUBQ::YUC1 (pMZ31), p35S::YUC1 (pMZ32). The final constructs were verified by 

sequencing and transformed into the vos2 mutants by Agrobacterium-mediated floral 

dipping. All the T1 plants were grown in soil for about 10 days and then selected by 

spraying with 100 µg/mL Basta. The surviving plants were then examined for sepal 

phenotypes. 

 

Photographing of flowers, inflorescences, and whole plants 

Stage 12 flowers were dissected from the primary branches and put onto black papers. 

Primary inflorescences were dissected, and their stems were captured with tweezers for 

positioning. Black paper was also put under the tweezers. A Canon Powershot A640 

camera on a Zeiss Stemi 2000-C stereomicroscope was then used to photograph the 

flowers and inflorescences with a black background. 

 

Sequence and phylogenetic analysis: 

We searched vos2/AT1G58220 (834 residues) for known protein domains with the 

webservers of both PFAM 28.0 (http://pfam.xfam.org) and InterPro 54.0 

(http://www.ebi.ac.uk/interpro) on 11/5/2015. PFAM 28.0 identified a match to the 
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MYB_DNA-binding domain (PF00249.27) in residues 195-239 of vos2/ AT1G58220 (E 

= 2.1e-09). InterPro 54.0 identified matches to the Homeodomain-like (IPR009057), 

SANT/MYB (IPR001005), and MYB domains (IPR017930) in residues 189-247 of 

vos2/AT1G58220. Significantly, the most specific InterPro domain match was to the 

MYB (IPR017930) domain rather than its siblings, the DAMP1, SANT/MYB-like 

(IPR032563), MYB-like (IPR017877), or SANT (IPR017884) domains. 

To find more domains of vos2/AT1G58220 that did not already exist in public databases, 

we used vos2/AT1G58220 as a query sequence for psi-BLAST30 against the NCBI non-

redundant protein database (NCBI-nr)31 via the NCBI web server on 11/5/2015, with an 

inclusion threshold of E ≤ 1×10–9, a reporting threshold of E ≤ 1×10–3, and SEG 

complexity filtering32. This initial psi-BLAST search revealed two regions of 

conservation between vos2/AT1G58220 and telomeric repeat-binding factor 1 of 

Triticum urartu (EMS60843.1): a central region of vos2/AT1G58220 (residues 201-

249), corresponding with its MYB domain, and an N-terminal region of 

vos2/AT1G58220 (residues 1-118) that had no match to known protein domains in 

PFAM or InterPro. This previously undescribed N-terminal domain was also detected 

as a region of similarity (residues 14-117) to residues 8-112 of PHYPADRAFT_166389 

(XP_001769445.1) in the moss Physcomitrella patens. Unlike the MYB domain, which 

is relatively short (~50 residues long) and very widely distributed among eukaryotes33, 

the N-terminal domain was longer than MYB (~120 residues long), and (in the initial 

psi-BLAST search) appeared only in plant proteins. It thus could be used to identify a 

coherent set of full-length vos2/AT1G58220 homologs through convergent psi-BLAST 

searches. 
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Thus, using residues 1-118 of vos2/AT1G58220 as a query sequence, we ran psi-

BLAST to convergence in three rounds of searching the NCBI RefSeq protein database 

(RefSeq_protein) on 11/5/2015; RefSeq_protein includes only proteins from full and 

annotated genome sequences, allowing such a search to be comprehensive but 

nonredundant34. To ensure that every hit reported was significant, this search used both 

inclusion and reporting E-value thresholds of E ≤ 1×10–6, with SEG complexity filtering. 

I downloaded the final, convergent set of protein hits in GenPept format, and used 

custom Perl scripts first to extract a FASTA file with informative header text from the 

GenPept file, and then to select the single longest isoform for each gene (in cases where 

a given gene had two or more protein isoforms in the set). All further analyses were 

done on members of this non-redundant protein hit set. We did not detect homologs in 

all land plants, e.g., the spikemoss Selaginella moellendorffii. We also failed to observe 

an ortholog for vos2/At1g58220 in the closely related A. lyrata. These absences could 

be due to lineage-specific gene losses, incomplete gene annotations, or a mixture of both. 

To confirm the validity of the psi-BLAST search with residues 1-118 of 

vos2/AT1G58220, I also ran psi-BLAST with residues 8-112 of 

PHYPADRAFT_166389 in the moss Physcomitrella patens, which we had originally 

detected as an N-terminal region of similarity to vos2/AT1G58220, when searching 

NCBI-nr. As with vos2/AT1G58220, searching RefSeq_prot with 

PHYPADRAFT_166389 converged on a well-defined set of homologs that included 

vos2/AT1G58220 from A. thaliana. 
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We aligned the nonredundant set of proteins detected by vos2/At1g58220 in 

RefSeq_protein with MAFFT v7.158b35 run in L-INS-i, its slowest and most reliable 

mode, using the arguments '--localpair --maxiterate 1000'. The alignment was 

visualized with JalView 2.9.0b2 (data not shown)36. For phylogenetic analysis, we 

removed poorly aligned sequences from the resulting MAFFT alignment by first 

running trimal v1.4.rev1537 using the argument '-gt 0.5', and then running BMGE 1.138  

using the arguments '-t AA -h 1 -g 0.5:1'. This purged the alignment of any columns in 

which over 50% of the columns' positions consisted of gaps rather than amino acid 

residues, and then any sequences in which over 50% of the residues were gapped, 

yielding global alignments that lacked excessive loops and gaps; the practical effect was 

to reduce the alignment to 625 aligned residues and 82 aligned proteins. From the 

filtered alignment, I computed a protein maximum-likelihood phylogeny with a WAG 

model of amino acid evolution39 and with pseudocounts for gaps, via FastTree 2.1.740, 

using the arguments '-pseudo -wag'. Confidence values for the branches of trees (ranging 

from 0.00 to 1.00) were automatically computed by FastTree with 1,000 internal 

replicates. We visualized the resulting trees with FigTree 1.4.2 (http://tree.bio.ed.ac.uk/

software/figtree). Branch lengths were measured in average substitutions (when 

comparing full sequences or their profiles) among non-gap positions in the aligned 

sequences, with distances derived from the BLOSUM45 matrix, a correction for 

multiple substitutions, and an allowed maximum of 3.0 substitutions per individual 

site41. 
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Cytokinin (BAP) and auxin (NAA) treatments 

Primary inflorescences containing target reporters were dissected and inserted into ½ 

Murashige and Skoog (MS) media coated small Petri dishes. The inflorescences were 

then put into the growth chamber for at least 6 hours for recovery. Cytokinin or auxin 

containing ½ MS media were made following the ½ MS media recipe with specific 

volumes of the 0.5 g/L synthetic cytokinin (BAP) stock solution (kept in -20 °C) or 

5mM/L synthetic auxin (NAA) stock solution (kept in 4 °C) for specific concentrations. 

The inflorescences were then transferred to the cytokinin or auxin containing ½ MS 

media for the external cytokinin or auxin treatments. 20x Plan-Apochromat NA 1.0 

water immersion objective on the Zeiss 710 confocal microscope was again used for 

image collection. For the treatment of seedlings, the seeds were germinated directly on 

the media containing ½ MS with either NAA or BAP and grown for around 7 days. The 

plates were then imaged with Gel imaging (Biorad Gel Doc) machine. 

 

Mature sepal cell number and size quantification 

The sepals were dissected off from the flower and flattened on slides. They were imaged 

under a 20X Plan-Apochromat NA 1.0 water immersion objective on the Zeiss 710 

confocal microscope with tile scan function. The confocal stacks collected were 

converted from LSM format to TIFF format with FIJI. The images were then imported 

into MorphoGraphX42. Sample surfaces were detected and meshes of the surface were 

generated. Fluorescent signals were then projected onto the meshes and cells were 

segmented on the meshes. MorphoGraphX can then quantify the cell number and size. 
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In situ detection of ROS 

Detection of H2O2 and O2- were carried out as described previously in Hong et al4. For 

H2O2 detection, inflorescences were put into a glass vial and vacuum-infiltrated (three 

cycles of 5 min) with 0.1% (w/v) DAB in 10 mM sodium phosphate buffer (pH 

4)/Tween-20 (0.05% v/v) and incubated in the dark (covered with aluminum foil) at 

room temperature overnight. For O2- detection, inflorescences were vacuum-infiltrated 

and incubated in 0.1% (w/v) NBT in 50 mM sodium phosphate buffer (pH > 6.8)/ 

0.05%Tween-20 (v/v) for 2 hours at room temperature in dark. Stained samples were 

then removed from the staining solution and cleared by boiling in acetic 

acid:glycerol:ethanol (1:1:3, v/v/v) solution for 30 minutes. The clearing solution was 

replaced once after the boiling. After clearing, samples (sometimes individual flowers 

were detached from the inflorescence if necessary) were dissected and transferred to the 

surface of media and then photographed using a dissecting microscope mounted with a 

camera. 

 

DAPI staining 

The sepals43 were dissected off from the flowers and fixed with 3% (v/v) glutaraldehyde 

in PBST (PBS with 1% v/v Tween) overnight. DAPI stain solution (0.1% v/v DAPI, 5% 

v/v DMSO and 1% v/v Tween) was added to stain the samples. The samples were 

washed with PBST twice and then mounted in 50% v/v glycerol/PBST on slides. The 

prepared samples were imaged with Zeiss confocal in Dr. Jeremy Baskin’s laboratory.  
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Chapter 5 

Genome-wide analysis of VOS2 function reveals its role in regulating protein 

metabolism in Arabidopsis 
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This chapter begins to investigate the functions of VOS2 as a transcription factor. The 
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Abstract 

Plants reproducibly create new organs despite the complexity of plant morphogenesis. 

Dissection of the genetic network regulating plant organ robustness can improve our 

understanding of plant organ size regulation. We have previously identified the little-

known gene VOS2 which ensures the robust sepal size through regulating the temporal 

initiation pattern of sepals. VOS2 encodes a MYB domain protein and its downstream 

targets remains unclear. Here, we conduct a comprehensive genome-wide analysis 

which includes both RNA-seq and proteomics to identify the downstream genes and 

biological pathways regulated by VOS2. Our studies revealed that protein metabolism 

is one of the major biological functions regulated by VOS2. Through manipulation of 

growth via different conditions, our results indicate that the regulation of metabolism 

and organ growth by VOS2 is specific to certain developmental processes rather than 

being broad. 

 

Introduction 

A key question in developmental biology is how does an organ form with consistent 

size, despite variable cellular growth and environmental effects? Previous research has 

focused on mutants that affect only average cell and organ behaviors, overlooking organ 

size variation1,2. In this context, how the final size of an organism is determined remains 

poorly understood. We identified a novel Arabidopsis mutant variable organ size 2 

(vos2) with variable organ sizes to investigate the organ-size regulating mechanism. Our 

previous research on the vos2 mutant indicates that simultaneous organs initiation 
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contributes to robust organ size. VOS2 encodes an under-characterized MYB domain 

transcription factor. Identifying VOS2 downstream genes and their functions will be 

critical for unraveling the mechanisms regulating simultaneous organ initiation. 

We previously performed RNA-seq analysis on WT and vos2 inflorescences that 

excluded the flowers older than stage 10 (defined as late stage RNA-seq, Figure 5.1a-b; 

see Chapter 2). This late stage RNA-seq data indicates that cell wall modification genes 

are differentially expressed in vos2 mutants. Our previous live imaging shows that VOS2 

regulates sepal initiation. However, the gene expression information during the sepal 

initiation is masked in our late stage RNA-seq due to the small proportion of young 

stage floral tissue (stage 1 – 6, defined as early stage) in the whole inflorescences. Also, 

dissecting inflorescences to remove older stage flower introduces serious wounding 

responses. To more efficiently analyze the RNA and protein level in early stage flowers, 

we choose the ap1cal 35S::AP1-GR system 3,4. Due to the ap1cal double mutation, the 

flowers are arrested at the meristem stages (Fig. 5.1c and e). Dexamethasone (DEX) 

treatment induces the function of the transcription factor AP1, which leads to the 

simultaneous emergence of sepals (Fig. 5.1d and f). This allows us to conveniently 

harvest massive amounts of tissue at the same developmental stages. With the use of the 

ap1cal 35S::AP1-GR system, we now have a more comprehensive understanding of 

VOS2 gene function, especially in regulating the development of early stage flowers. 
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Figure 5.1 Use of the ap1cal35S::AP1-GR system to do omics experiments on early-stage 
flowers. 
(a – b) Inflorescences of WT (a) and vos2 (b). Old stage flowers (older than stage 10) were 
removed and the rest of the inflorescence was used for late stage RNA-seq. Scale bars: 0.5 cm. 
(c – d) In ap1cal 35S::AP1-GR system, the flowers are arrested at meristem stages (c). 
Dexamethasone (DEX) treatment induces the simultaneous emergence of sepals in ap1cal 
35S::AP1-GR systems (d), used for early stage RNA-seq. Scale bars in A: 1 cm. 
(e - f) Confocal images of ap1cal 35S::AP1-GR inflorescences before DEX treatment (e) and 
3.5 days after DEX treatments (f). Inflorescences were dipped into DEX solution one time per 
day. After three rounds of induction, the sepals start to emerge. Cell wall are labeled with PI 
staining (gray). Scale bars: 50 μm. 
(Panels e and f were imaged by Weiwei Chen.) 
 

Results 

RNA-seq data has good reproducibility. 

For the early stage RNA-seq experiment, we treated both vos2 ap1cal35S::AP1-GR and 

ap1cal35S::AP1-GR (WT for vos2) with DEX by floral dipping every 24 hours. After 

3 rounds of DEX treatment and a subsequent half-day recovery for plants, we harvested 

the DEX induced inflorescences, which included the meristems and flowers under stage 

6. We then extracted RNA and performed RNA-seq experiments. After we obtained the 
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RNA-seq data, we first checked the reproducibility of biological replicates of both early 

stage and late stage RNA-seq data with principle component analysis (PCA, Fig. 5.2a). 

PC1, which explains the largest variance between samples, separates the early stage and 

late stage data, which means the gene expression profiles of our early stage tissues are 

distinct from those of the late stage tissues. The major difference results from the stages, 

although different genetic background, growth condition and tissue harvest procedures 

may also have effects. PC1 also separates the late stage WT and vos2 samples well. PC2, 

which explains the second largest variance, separates the early stage WT and vos2 

samples. The clustering of biological replicates in the early stage RNA-seq data 

indicates the high reproducibility of our sequencing data. We also generated a heatmap 

of expression for all genes for which expression was detected in our RNA-seq 

experiments (Fig. 5.2b). Again, the major difference detected in the expression heatmap 

is between the early stage and late stage RNA-seq data. For both PCA and expression 

heatmap, the third replicates of both WT and vos2 in the late stage RNA-seq is obviously 

distinct from the other two replicates. I note that the third replicates were harvested 

separately from the other two, so the growth conditions and dissecting procedures may 

vary slightly between these two rounds. In conclusion, there is a big difference between 

the early stage and late stage RNA expression profiles. The WT and vos2 replicates in 

early stage RNA-seq have good reproducibility. 
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Figure 5.2 Quality check for RNA-seq data. 
(a) PCA analysis of different biological replicates (N=3 for each sample) of RNA-seq. PC1 can 
separate the early stage and late stage RNA-seq samples well and PC2 can separate the WT and 
vos2 replicates of the early stage RNA-seq. Replicates of both WT and vos2 for the late stage 
RNA-seq do not cluster as well, possibly due to the fact that they are collected in two rounds.  
(b) Heatmap for expression of all genes which were reasonably detected in RNA-seq 
experiments (with at least two raw reads in at least two biological replicates in either WT or 
vos2). 
(This figure was created by Shuyao Kong.) 
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Clustering analysis reveals different gene expression patterns. 

We then use Clust5 to group genes into different clusters based on their expression 

patterns. The clustering analysis generated 14 clusters (Fig. 5.3). Cluster 0 (C0, includes 

5753 genes) and cluster 8 (C8, includes 3339 genes) account for the differences between 

early and late stage data; there is no gene expression difference between WT and vos2 

in these clusters. These two clusters account for about half of the detectable genes, 

corresponding well with the major difference we saw in the PCA and the gene 

expression heatmap. I am particularly interested in the genes which have down-

regulated expression in early stage RNA-seq data, because the delayed initiation and 

slower growth might be due the loss of function of these genes. There are four clusters 

falling into this category. For Cluster 1 (C1, includes 1380 genes), genes are strongly 

downregulated in vos2 early stage tissues, while slightly downregulated in vos2 late 

stage tissues. For Cluster 2 (C2, includes 783 genes), genes are strongly downregulated 

in vos2 early stage tissues and not differentially expressed in late stage tissues. The 

pattern in Cluster 10 (C10, includes 488 genes) is similar to C2 but genes have higher 

expression at late stages. Genes in Cluster 13 (C13, includes 41 genes) are strongly 

downregulated at both early and late stages, and they have the highest expression in WT 

late stage tissues (Fig. 5.3). 
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Figure 3. Clustering analysis to identify genes with similar expression patterns. 
Clustering of genes based on mRNA expression obtained in RNA-seq experiments with WT vs. 
vos2 early (meristems and flowers under stage 6 in ap1cal35S::AP1-GR system) and late stage 
(inflorescences and flowers under stage 10 in Col) inflorescences. WE: WT early stage; DE: 
vos2 early stage; WL: WT late stage; DL: vos2 late stage. 
(This figure was created by Erich Schwarz.) 
 

The Gene Ontology (GO) term analysis of certain clusters reveals changes in the 

expression of metabolism genes. 

We use the gene lists from Cluster 1, 2, 10, 13 to perform GO term analysis. GO term 

analysis6 shows the genes in these clusters were enriched in functions relating to 

metabolism and ribosomes (Fig. 5.4). Because all these four clusters have genes 

downregulated in the early stage RNA-seq data, they point to the defects in metabolism 

and protein synthesis in vos2 mutants. 
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Figure 4. GO term analysis for early stage versus late stage RNA-seq reveals metabolism 
defects in vos2 mutants. 
(a) Bar graph of GO terms that are overrepresented (against a genome wide average) among 
1380 genes grouped in Cluster1 (C1). The expressions of these genes follow a decreasing 
gradient in WT early stage inflorescences (WE), vos2 early stage inflorescences (VE), WT late 
stage inflorescences (WL) and vos2 late stage inflorescences (VL). 
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(b) Bar graph of GO terms that are overrepresented (against a genome wide average) among 
782 genes grouped in Cluster2 (C2). These genes are lowly expressed in vos2 early stage 
inflorescences compared to WT but are not differentially expressed in late stage inflorescences. 
(c) Bar graph of GO terms that are overrepresented (against a genome wide average) among 488 
genes grouped in Cluster10 (C10). These genes are lowly expressed in vos2 early stage 
inflorescences compared to WT but are not differentially expressed in late stage inflorescences. 
The difference between C2 and C10 is that the gene expression is higher in late stage 
inflorescences. 
(c) Bar graph of GO terms that are overrepresented (against a genome wide average) among 41 
genes grouped in Cluster13 (C13). These genes are lowly expressed in vos2 for both early and 
stage inflorescences. The highest gene expression is in the late stage WT inflorescences.  
For all panels, a subset of significant GO terms was selected for each graph. Genome (gray) 
reports the frequency of genes associated with that term in the Arabidopsis genome, which 
would be the frequency expected by chance for a randomly selected subset of genes. The 
percentage of genes was calculated as the number of genes associated with that term divided by 
the total number of genes in specific GO terms (Black). 
 

Proteomics samples were generated with the depletion of RuBisCO. 

From the analysis of RNA-seq data, we found that the protein metabolism is affected in 

vos2 mutants. I thus wondered whether the metabolism defects affect all proteins or 

specifically affect certain proteins. To answer this question, I performed a proteomics 

analysis using mass spectrometry on the total soluble proteins of WT and vos2 early 

stage tissues. I again used the ap1cal 35S::AP1-GR system to harvest the samples after 

3.5 days of DEX treatment. One of the major obstacles for my proteomics experiment 

was the high abundance of RuBisCO in the total soluble proteins. To solve this problem, 

I used commercial columns with RuBisCO antibody to deplete RuBisCO from our 

protein samples. The antibody in the columns bound to the RuBisCO specifically and 

efficiently, thus making the flow-through good enough for sample submission (Fig.5.5a). 

The proteomics facility then concentrated the protein solutions and ran a test SDS-

PAGE to verify the concentration of protein samples (Fig. 5.5b and Table 5.1). 
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Table 5.1 Sample information for Proteomics. 
(The concentration was measured by Cornell Proteomics facility.) 

Sample Total protein (μg) TMT label 

WT-Replicate1 33 126 

WT-Replicate2 39 127C 

WT-Replicate3 74 127N 

WT-Replicate4 49 128C 

WT-Replicate5 93 128C 

vos2-Replicate1 90 129C 

vos2-Replicate2 108 129N 

vos2-Replicate3 113 130C 

vos2-Replicate4 101 130N 

vos2-Replicate5 203 131 

 

The processed samples were then denatured, reduced, cysteine blocked, digested by 

trypsin followed by TMT 10-plex labeling, and finally loaded for mass spectrometry. 
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Figure 5.5 SDS-PAGE shows the successful depletion of RuBisCo and recovery of whole 
soluble proteins.  
(a) SDS-PAGE gel showing the different fractions before and after the RuBisCo depletion with 
the Sepporo Spin Column. Lane 1 - 2 : Total soluble protein extracted from the DEX treated 
ap1cal p35S::AP1-GR (as WT); Fraction 3 - 7: Flow-through after loading the sample to the 
Sepporo Spin Column which contains antibody against RuBisCo. The flow-through is used for 
the Proteomics experiments; Fraction 8 - 11: Eluted bound protein from the Sepporo Spin 
Column. Red arrowheads: Large and small subunits of RuBisCo. 
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(b) SDS Page with Colloidal coomassie staining shows that the submited samples (RuBisCo-
depleted whole soluble protein) have reasonable amounts of proteins. Lane 1 - 5: WT proteins 
with RuBisCO depleted (5 biological replicates). Lane 6 - 10: vos2 proteins with RuBisCO 
depleted (5 biological replicates). 
 

Genes with lower mRNA and higher protein are involved in metabolism processes. 

We then combined the WT and vos2 RNA-seq and proteomics data and separate the 

genes into four groups: genes with significantly lower protein level but significantly 

higher mRNA level in vos2 compared to wild type (Group A), genes with significantly 

lower protein level and significantly lower mRNA level in vos2 relative to wild type 

(Group B), genes with significantly higher protein level and significantly higher mRNA 

level in vos2 relative to wild type (Group C) and genes with higher protein level but 

lower mRNA level (Group D) (Fig. 5.6). We only have one gene in Group A, 

At1g33830, which encodes a Dormancy/auxin associated family protein. 
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Figure 5.6 Early stage RNA-seq versus early stage proteomics. 
Gene are separated into four different groups based on their differential expression in both early 
stage RNA-seq and proteomics data. VOS2 itself has both lower RNA and protein expression in 
vos2 mutant (in Group B), consistent with our previous qRT-PCR and sequencing data. Note 
that Group A only has one gene At1g33830, which encodes a Dormancy/auxin associated family 
protein. This group have both higher RNA level and lower protein level in vos2 mutants. 
(This figure was provided by Vincent Mirabet.) 
 

I also performed GO term analysis for the other three groups. For Group B which has 

both lower RNA and protein levels in vos2 mutant, the enriched GO terms include 

organonitrogen biosynthesis and responses to calcium ion (Fig. 5.7a). For Group C 

which has both higher RNA and protein levels in vos2 mutant compared to wild type, 

the most enriched GO term is the responses to abiotic stress (Fig. 5.7b). For Group D 

which has lower RNA but higher protein, cell wall and metabolism associated genes are 

again enriched, similar to the analysis with just RNA-seq data. The enrichment of 
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metabolism only for Group D indicates that the protein translation alteration is specific 

to certain protein groups, instead of applying to all proteins broadly (Fig. 5.7c). 

 

Figure 5.7. GO term analysis for early stage RNA-seq versus proteomics also points to 
metabolism defects in vos2 mutants. 
(a) Genes in group B (both lower RNA and protein level in vos2 mutants) were analyzed with 
AgriGO to identify significantly enriched GO terms. Significant GO terms were graphed using 
the online imaging function. 
(b) Genes in group C (Both higher RNA and protein level in vos2 mutants) were analyzed with 
AgriGO to identify significantly enriched GO terms. Significant GO terms were graphed using 
the online imaging function. 
(c) Genes in group C (lower RNA and higher protein level in vos2 mutants) were analyzed with 
AgriGO to identify significantly enriched GO terms. Bar graph of GO terms that are 
overrepresented (against a genome wide average). A subset of significant GO terms was selected. 
Genome (gray) reports the frequency of genes associated with that term in the Arabidopsis 
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genome, which would be the frequency expected by chance for a randomly selected subset of 
genes. The percentage of genes was calculated as the number of genes associated with that term 
divided by the total number of genes for specific GO terms (Black). 
 

Manipulating growth with sucrose does not affect mutant sepal phenotypes. 

Based on the RNA-seq and proteomics data, I hypothesized that metabolism was 

generally downregulated in vos2 mutants, and I tested whether providing energy in the 

form of sucrose was sufficient to rescue vos2 mutant sepal phenotypes. Increased 

synthesis of sucrose has been shown to promote the leaf growth and sucrose itself 

functions as a growth regulator 7,8. I thus added exogenous sucrose to the culture media 

to manipulate inflorescence growth in vitro to see whether the alteration of growth can 

affect sepal phenotypes in WT and vos2 inflorescences. I first used WT to test whether 

added sucrose could affect inflorescence growth. The concentration of sucrose normally 

used in my live imaging protocol is 1% and I found that this concentration promoted the 

inflorescence growth the most effectively (Fig. 5.8c-d). When I increased the 

concentration of sucrose to 2%, it still promoted the growth although not as effectively 

as 1% (Fig. 5.8e-f). It is possible that the higher concentration of sucrose caused osmotic 

stress. The inflorescences grew very slowly when no sucrose was present, again 

indicating that sucrose promotes growth (Fig. 5.8a-b). I then cultured vos2 

inflorescences with different concentrations of sucrose. The growth trends were similar 

to WT, with the highest growth rate in 1% sucrose and lowest growth rate without 

sucrose. No matter in which concentration of sucrose, the sepal initiation defects 

persisted in vos2 mutants, indicating that the general effect on growth by sucrose is not 

sufficient to restore the timing of sepal initiation (Fig. 5.8g-l). 
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Figure 5.8. Using sucrose to manipulate organ growth does not affect sepal phenotypes. 
(a – b) WT inflorescences grown in ½ MS media containing no sucrose (Mock). The 
inflorescences were imaged 0 hours and 96 hours after the beginning of the treatment. The cell 
plasma membrane is labeled with p35S::mCtitrin-RCI2A (gray). Sepal initiation is not affected 
with mock treatment. The inflorescences grow slowly under this condition. Scale bars: 100 μm. 
(c – d) WT inflorescences grown in ½ MS media containing 1% sucrose (Normal live imaging 
medium recipe). The inflorescences were imaged 0 hours and 96 hours after the beginning of 
the treatment. Sepal initiation is normal when grown in normal live imaging media. The 
inflorescences grow fast under this condition. Scale bars: 100 μm. 
(e – f) WT inflorescences grown in ½ MS media containing 2% sucrose. The inflorescences 
were imaged 0 hours and 96 hours after the beginning of the treatment. Sepal initiation is still 
normal when grown in ½ MS media containing 2% sucrose. The inflorescences grow faster than 
under the mock condition but slower than in normal live imaging media. Scale bars: 100 μm. 
(g – h) vos2 inflorescences grown in ½ MS media containing no sucrose (Mock). The 
inflorescences were imaged 0 hours and 96 hours after the beginning of the treatment. The vos2 
sepal initiation phenotype under mock condition is not affected. The inflorescences grow slowly 
under this condition. Inset (h’) is showing the undissected inflorescences (with old stage flowers) 
at the time point 96 hours. Scale bars: 100 μm. 
(i – j) vos2 inflorescences grown in ½ MS media containing 1% sucrose (normal live imaging 
medium recipe). The inflorescences were imaged 0 hours and 96 hours after the beginning of 
the treatment. Delayed sepal initiation in vos2 can still be observed under this condition although 
the inflorescences have the fastest growth rate. Inset (j’) is showing the undissected 
inflorescences (with old stage flowers) at the time point 96 hours. Scale bars: 100 μm. 
 (k – l) vos2 inflorescences grown in ½ MS media containing 2% sucrose. The inflorescences 
were imaged 0 hours and 96 hours after the beginning of the treatment. Delayed sepal initiation 
also appears in vos2 flowers when they are grown in ½ MS media containing 2% sucrose. The 
vos2 inflorescences again grow faster than under the mock condition but slower than in normal 
live imaging media Inset (l’) is showing the undissected inflorescences (with old stage flowers) 
at the time point 96 hours. Scale bars: 100 μm. 
 

Manipulating growth with temperature also does not affect vos2 mutant sepal 

phenotypes. 

Temperature alteration can also affect plant growth, through the regulation of either the 

plant hormones9,10 or plant immunity11,12. Higher temperatures can induce the 

biosynthesis of auxin13 and promote plant flowering14 while lower temperatures induce 

plant acclimation15. I thus tested whether temperature had any effect on vos2 phenotypes. 

I grew WT and vos2 plants under low temperature (16 °C) and high temperature (28 °C) 

compared to the normal condition (22 °C). Under the high temperature condition, WT 
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and vos2 leaves were similar with no obvious morphological changes when compared 

to plants grown under 22 °C (Fig. 5.9a-b). Under the low temperature condition, both 

WT and vos2 leaves accumulated anthocyanin to similar levels. The vos2 plants 

remained somewhat dwarfed under low temperature (Fig. 5.9c-f). I also checked the 

inflorescence phenotypes of WT and vos2 mutants and still observed the sepal initiation 

defects and variable sepal size in vos2 mutants in both high and low temperature 

conditions (Fig. 5.9g-p). The sepal initiation defects were sometimes more severe under 

low temperature, but not consistently (Fig. 5.9p). In conclusion, manipulating 

metabolism or growth broadly through sucrose or temperature gradients is not enough 

to affect the timing of sepal initiation. The robust temporal pattern of sepal initiation 

requires the regulation of specific genes by VOS2. 
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Figure 5.9. Using temperature to manipulate growth does not affect sepal phenotypes. 
(a – b) Rosette leaves of WT and vos2 grown at high temperature (28 °C). They are relative 
normal under this condition. There is no obvious difference between WT and vos2 leaves. 
(c – d) Rosette leaves of WT and vos2 grown at low temperature (16 °C). Leaves grown under 
low temperature accumulate anthocyanin (purple color). There is no obvious difference between 
WT and vos2 leaves. 
(d - f) Under low temperature, the vos2 plants remain somewhat dwarfed compared to WT. 
(g - h) The whole inflorescences of WT (g, top view) and vos2 (h, top view) grown at high 
temperature (28 °C). Under this condition, neither WT nor vos2 phenotype is affected by 
temperature. Scale bars: 0.8 mm. 
(i - j) The whole inflorescences of WT (g, top view) and vos2 (h, top view) grown at low 
temperature (16 °C). Under this condition, neither WT nor vos2 phenotype is affected by 
temperature. Scale bars: 0.8 mm. 
(k – m) Confocal images of WT (k), vos2 replicate 1 (l) and vos2 replicate 2 (m) inflorescences 
to show sepal initiation patterns in young flowers grown at high temperature (28 °C). Cell 
plasma membrane is labeled with p35S::mCtiritine-RCI2A. Red arrows point to the sepals with 
delayed initiation. High temperature does not rescue the vos2 phenotypes. Scale bars: 50 μm. 
(n – p) Confocal images of WT (n), vos2 replicate 1 (o) and vos2 replicate 2 (p) inflorescences 
to show sepal initiation patterns in young flowers grown at low temperature (16 °C). Red arrows 
points to the sepals with delayed initiation, similar as seen in vos2 mutants. Yellow arrows point 
to sepals with more severely delayed initiation compared to vos2 mutants grown under normal 
conditions. Scale bars: 50 μm. 
 

Discussion and Future directions 

Through the analysis of RNA-seq and proteomics data, we have revealed that vos2 

mutants are likely to have metabolism defects, particularly in protein metabolism. I also 

further hypothesize that the vos2 sepal phenotypes are due to the mis-regulation of 

specific families or classes of protein, instead of broad growth defects. 

The future directions include two major parts: ChIP-seq and validation. 

1.We will use ChIP-seq (protocol modified from Lau et al.16) to identify the direct 

binding sites of VOS2 in the Arabidopsis genome. I have already transformed a MYC-

tagged VOS2 construct (Fig. 5.10a) into the ap1cal35S::AP1-GR system. The tagged 

protein is functional as it can fully rescue the vos2 mutant phenotypes (Fig. 5.10b-d). 

Preliminary ChIP experiments on histones have been done to optimize the ChIP protocol 
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(Fig. 5.10e) and a Western blot verifies the expression of the MYC-tagged VOS2 in the 

ap1cal35S::AP1-GR system (Fig. 5.10f). 

 

Figure 5.10 ChIP-sequencing preliminary experiments. 
(a) The MYC-tagged VOS2 protein construct. 
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(b – d) The expression of MYC-tagged VOS2 driven by its endogenous promoter can rescue the 
vos2 mutant phenotypes. Scale bar: 1 mm. 
(e) qPCR to quantify the efficiency for H3K27me3 Histone ChIP. The second intron of 
AGAMOUS (AG-i2) is an identified binding site, used as the detection site. Actin is the negative 
control.  
(f) Western blot showing the expression of MYC-tagged VOS2 protein in the ap1cal35S::AP1-
GR system. The target protein band is 98 KD (86 KD for VOS2 and 12 KD for 10XMYC). The 
red arrow points to the target protein band. The smear under the target band might be due to 
protein degradation. 
 

The combination of our RNA-seq, ChIPseq, and proteomics data will provide us with a 

more comprehensive understanding of VOS2 gene function, especially the direct 

downstream targets of VOS2. Through identifying the downstream targets, we are going 

to ask: 

(1) Is metabolism directly regulated by VOS2, or it is a side effect of other altered 

biological processes? With the RNA-seq and proteomics data, there is already some 

indication about the metabolism defects in vos2 mutants. However, it remains unclear 

how VOS2 is regulating metabolism because the identified genes do not point to any 

specific metabolic pathways. Also, my manipulation of growth does not affect the 

mutant phenotypes, indicating the regulation of growth by VOS2 is not simple. 

Identifying direct binding sites will help us to understand the relationship between VOS2 

and metabolism and growth better. 

(2) Is VOS2 directly regulating auxin/cytokinin signaling? Previous experiments 

(Chapter 2) showed that disrupted plant hormone signaling (auxin and cytokinin) 

accounts for the irregular organ initiation pattern. It is still unknown how VOS2 

regulates plant hormone accumulation. Auxin and cytokinin have complicated crosstalk 

17,18. It is unclear whether VOS2 is separately regulating each plant hormone or it is 
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directly regulating one of them and indirectly affecting the other. ChIP-seq will help to 

elucidate this question. In the ChIP-seq data, I will check whether VOS2 binds to the 

promoter regions of identified auxin related genes, such as TIR119 (receptor) or PIN120 

(polar transporter). Based on the genes bound, I will determine in which process of auxin 

signaling VOS2 is involved. Similarly, I can check the binding of VOS2 to the promoter 

regions of identified cytokinin related genes. The expression of auxin/cytokinin related 

genes can be then validated by quantitative RT-PCR. Based on the ChIP-seq analysis, I will 

know how VOS2 can be incorporated into the established genetic network. 

(3) Is VOS2 is involved in other biological functions? There is the possibility that VOS2 

regulates metabolism or hormone signaling both indirectly. Identifying the genes or 

pathways that are directly regulated will help us to understand the gene function. 

2. Validate the identified downstream targets of VOS2. 

I already have some potential targets of VOS2 through our analysis of RNA-seq and 

proteomics. For example, the RNA and protein of the AT1G54040 (EPITHIOSPECIFIER 

PROTEIN, ESP) gene are strongly downregulated in vos2 mutants, even more strongly 

downregulated than VOS2. ESP regulates glucosinolate hydrolysis and negatively affects 

plant pathogen defense21. Another candidate target is AT5G13930, which encodes chalcone 

synthase (CHS), a key enzyme involved in the biosynthesis of flavonoids and regulates the 

auxin polar transportation22. 

We will validate the potential target genes via quantitative RT-PCR and possibly yeast-1-

hybrid (Y1H). After validation, I am going to order insertion mutants disrupting the 

identified genes and try to obtain the double or even high order mutants to eliminate 

redundancy. I can also overexpress the target genes in either WT or vos2 backgrounds to 
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see whether the overexpression can induce any relevant phenotypes. In addition, I plan to 

construct reporters for some of the target genes to examine their expression patterns in vos2 

mutants. I can also express the VOS2 transcriptional reporters in the mutants to see whether 

VOS2 expression is affected. 
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Materials and Methods 

Plant Growth Conditions 

Most of the plants were grown in soil either under 24 hr fluorescent light conditions 

(∼100 µmol m−2 s−1) at 22 °C in Percival growth chambers or under a day-long cycle 

of 16h of light (∼100 µmol m−2 s−1) and 8h of dark at 22 °C in a Percival growth 

chamber. All seeds were sown on Lambert Mix LM-111 soil and cold-stratified at 4°C 

for 2 days. ap1cal35S::AP1-GR plants were grown in soil under 24-hr fluorescent 

light conditions (∼100 µmol m−2 s−1) at 16 °C in Percival growth chambers to 

prevent late stage floral organ formation. 

 

Generating and analyzing RNA-seq data 

RNA-seq data was generated and analyzed similarly to the method described in Chapter 

2. Briefly, samples were collected, RNA extracted, libraries constructed, sequencing 

was done by the facility, and RNA-seq reads were annotated on the genome. 

For sample collection, WT ap1cal 35S::AP1-GR (Ler, Kan+) and vos2 ap1cal 

35S::AP1-GR (obtained by crossing. vos2 was back crossed to Ler two times before 

crossing to ap1cal35S::AP1-GR) were grown around 40 days until most plants bolted. 

They were then treated with DEX solution: a solution containing 10 µM dexamethasone 

(Sigma-Aldrich), 0.01% (v/v) ethanol, and 0.015% (v/v) Silwett L-77 (De Sangosse). 

Mock solution (a solution containing 0.01% (v/v) ethanol, and 0.015% (v/v) Silwett L-

77 (De Sangosse)) was used to test the induction efficiency. We dipped the 

inflorescences into DEX/Mock solutions for 1 min, then added one drop of DEX 
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solution with plastic pipette on the inflorescences for further induction. The DEX 

treatment was performed one time per day. After around 3.5 days, sepals started to 

initiate from the IM/FM. Inflorescences from ~7 plants were then collected under a 

dissecting microscope and put immediately into tubes in liquid nitrogen. Three 

biological replicates were collected, each replicate combining different individual plants. 

RNA extraction was done using a commercial kit (RNeasy Plant Mini Kit, Qiagen, CAT 

NO. 74904) following the manual. The cDNAs used for qPCR were generated by 

reverse transcription from inflorescence RNA samples (DNase treatment, first strand 

synthesis and second strand synthesis). RNA-seq library preparation was performed as 

in Kumar et al.23 with some modifications. Details of RNA-seq library preparation and 

RNA-seq data analysis can be found in Chapter 2. 

 

Generating and analyzing Proteomics data 

Tissues used for proteomics analysis were harvested similarly to the tissue used for 

RNA-seq analysis. Briefly, WT ap1cal 35S::AP1-GR and vos2 ap1cal 35S::AP1-GR 

were grown under 16 °C for 40 days and then treated with DEX solution daily. After 

around 3.5 days, inflorescences were collected under a dissecting microscope and put 

immediately into tubes in liquid nitrogen. Five biological replicates were collected, each 

replicate combining different individual plants. 

~0.3 g frozen inflorescences were then ground in liquid nitrogen into a very fine powder 

using a precooled pestle and mortar. There is a yield of ~10 µg protein per 1 mg fresh 

weight. The powder was then transferred into an Eppendorf microtube, and I added ice-
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cold extraction buffer (EB, 50 mM PBS– HCl, pH 8.0 with 150 ml NaCl, 2% NP-40, 1 

mM PMSF (added just prior to use), 1X Roche protease inhibitor cocktail (tablet, added 

prior to use), 1X Halt™ Phosphatase Inhibitor and cocktail (added prior to use)). 2 µL 

of EB per ~1 mg of fresh weight leaf material was used; I did not use more than 150–

300 mg of fresh leaf material, corresponding to 300–600 µl of EB. The sample was 

vortexed for 20 s, left on ice for 5 min, transferred into the 0.8-mL centrifuge columns 

(PierceTM centrifuge columns, #89868), and then spun in a microcentrifuge (1 min, 

10,000 × g at 4 °C). The flow-through were then collected (the extracted leaf proteome) 

and transfer it to a new microtube, while avoiding the white pellet (starch). 

Next, I depleted RuBisCO from the protein samples. I used the Seppro® Rubisco Kit 

bought from Sigma (SEP070-1KT) and followed the protocol provided with minor 

modifications. Briefly, I dried the beads with the centrifuge and then mixed the beads 

and samples together. After incubation at 4 °C for 15 min, I centrifuged the column to 

collect the flow-through. To maximize the yield, I add more dilution buffer (10X 

Dilution buffer (self-prepared) 100mM Phosphate buffer with 1.5 M NaCl, pH 7.4) to 

the beads for elution. The sample for final submission was ~1 ml. We then washed the 

beads with Dilution buffer for a total of 3 times and stripping buffer (10x Stripping 

buffer (use commercial one):1 M Glycine, pH 2.5) for totally 4 times to remove the 

proteins remaining in the column. I added the neutralization buffer (10X Neutralization 

Buffer (self-prepared): 1 M Phosphate buffer, pH 8.0) to adjust the pH in the column to 

protect the antibody activity. Lastly, I added dilution buffer again and stored the column 

at 4 °C. For storage of regenerated beads, it was suggested that the storage buffer contain 

0.02% sodium azide. 



256 

The soluble proteins were then submitted to the Proteomics facility for the final quality 

check and mass spectrometry. Briefly, protein solutions were concentrated, and the 

concentration of protein samples were quantified through SDS-PAGE. The processed 

samples were then denatured, reduced, cysteine blocked, digested by trypsin followed 

by TMT 2410-plex labeling, and finally load for mass spectrometry. 

 

Quantitative PCR 

The DNA eluted after ChIP was tested with qPCR. The qPCR was performed following 

the manual of the Roche LightCycler® 480 system. Briefly, ChIP DNA, primers and 

water were mixed with Roche CyberGreen Master Mix in the TempPlate 384-well full 

skirt PCR plates (USA Scientific). The PCR plate was then loaded into Roche 480 

machine and the experimental data was analyzed with the supporting software. 

 

Sequencing quality analysis 

Quality control of RNA-seq reads, alignment to the genome, and computation of 

significantly differentially expressed genes was done as in Chapter 2. Genes with at 

least two raw reads in at least two biological replicates in either WT or vos2 were 

included in the analysis. To make TPM values across genes in a certain sample normally 

distributed, these values were log1p-transformed using the log1p function in R (version 

3.6.1 “Action of the Toes”), and the transformed values were used for this analyses. For 

quality control, the correlation coefficients among samples were calculated using the 

cor function in R and were plotted using the heatmap.2 function in the R package “gplots” 



257 

(version 3.0.1.1). To visualize the samples in 2D, principle component analysis was 

carried out on the genes using the prcomp function in R, and the results were visualized 

using the R package “ggplot2” (version 3.2.1). 

 

GO term analysis 

Genes in different clusters or groups were separately analyzed with AgriGO (http://

systemsbiology.cau.edu.cn/agriGOv2)25 to identify significantly enriched GO terms. 

Selected GO terms were graphed either in excel or with the online graphing function 

directly. 

  

Photographing of flowers, inflorescences, and whole plants 

Stage 12 flowers were dissected from the primary branches and put onto black papers. 

Primary inflorescences were dissected, and their stems were captured with tweezers for 

positioning. Black paper was also put under the tweezers. A Canon Powershot A640 

camera on a Zeiss Stemi 2000-C stereomicroscope was then used to photograph the 

flowers and inflorescences with black background. 

 

SDS-PAGE 

I prepared the samples for loading as follows: soluble protein samples extracted from 

ap1cal35S::AP1-GR system: A = 10/X μl (X: Protein concentration), H2O: 15-A μl, 4x 

SDS-PAGE Sample Buffer) and incubated the samples in boiling water for 5 min. 
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Centrifuged at 12,000 x g for 30 s. Assembled the gel cassette and put it into the tank. 

Added freshly prepared 1x running buffer (500~1000 ml) to both chambers of the 

apparatus and then loaded the protein ladder and the supernatant of the protein sample 

to wells. The gel was run at 100 V until the dye front migrated into the running gel (~15 

min) and then increased to 200 V until the dye front reached the bottom of the gel (~60 

min). While running the gel, the whole set was put in ice. After running, the gel was 

removed from the apparatus and the spacers and glass plates were removed. The gel was 

placed into a small tray and stained with ~20 ml Coomassie Stain Solution for > 30 min 

with gentle shaking.  Added ~5 ml destain solution and destained for ~1 min with gentle 

shaking. Poured off and discarded the destain solution. Added ~ 30 ml of destain 

solution. Destained with gentle shaking until the gel is visibly destained (> 2 hr). Poured 

off and discarded the destain solution. Rinsed with DDI H2O. Added ~30 ml DDI H2O 

and rinsed for 5 min with gentle shaking. 

 
Western blot 

The western blot protocol was modified from the protocol used in Dr. Jian Hua’s lab. 

Briefly, I first soaked the membrane in MeOH) and equilibrated the gel filter papers and 

fiber pads in transfer buffer. Then I prepared the gel sandwich, following this order: The 

migration goes from (–) to (+). Placed the cassette, with the black (–) side down, on a 

clean surface. Placed one pre-wetted fiber pad on the black side of the cassette. Placed 

a sheet of filter paper on the fiber pad. Placed the equilibrated gel on the filter paper. 

Placed the pre-wetted membrane on the gel. Completed the sandwich by placing a piece 

of filter paper on the membrane. Added the last fiber pad. Removed any air bubbles 
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which may have formed. Used a glass tube to gently roll air bubbles out. Closed the 

cassette firmly, being careful not to move the gel and filter paper sandwich. Locked the 

cassette closed with the white latch. When the gel sandwich was done, it was put into 

the electrophoresis tank and the blot was run at 100 V 350 mA RT for about 1- 2 hours.  

Then the gel sandwich was disassembled, and the membrane was blocked for 1 to 3 

hours in Blotto (5% non-fat dry milk + 1x TBS + 0.1% Tween-20), in a small dish on a 

shaker. Incubated the membrane with primary antibody (Monoclonal anti-MYC 

antibody 71D10, Cell signaling Technology) diluted in 10 ml Blotto (1:5,000). 

Incubated for 1 hour at RT in a small dish on a shaker. Washed 3 times for 10 min in 

~50 ml 1x TBST at RT in a small dish on a shaker. Incubated with secondary antibody 

(Anti-rabbit IgG, HRP-linked Antibody, 7074P2 Cell signaling Technology) diluted in 

10 ml Blotto for 45 min to 1 hr at RT. Used ECLTM anti-rabbit Horseradish Peroxidase 

(HRP) conjugated at a dilution of 1:3000 (normally 1:10,000). Washed 3 times for 10 

min in ~50 ml 1x TBST at RT in a small dish on a shaker. Detected protein with ECL 

kit (Pierce™ ECL Western Blotting Substrate from Thermo Scientific™). 

 

Sucrose treatment 

Sucrose media were made following the ½ MS media recipe with specific amount of 

sucrose for specific concentrations (0, 1% and 2%, w/v). Primary inflorescences 

containing cell plasma membrane markers pLH13 were dissected and inserted into ½ 

MS media coated small Petri dishes. The petri dishes were then put into the chamber for 
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growth. 20x Plan-Apochromat NA 1.0 water immersion objective on the Zeiss 710 

confocal microscope was used for image collection. 

 

Temperature test 

Both WT and vos2 plants containing cell plasma membrane markers were grown in soil 

under 24-hr fluorescent light conditions (∼100 µmol m−2 s−1) at 22 °C in Percival 

growth chambers for around 2 weeks and then transferred to chambers under a day-long 

cycle of 24 hr of light (∼100 µmol m−2 s−1) at either 16 °C or 28 °C. The plants were 

kept there until they bolted. The primary branches were then collected and imaged. 
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Concluding remarks 

Humanity faces a great challenge to increase our agricultural production of both food 

and renewable biofuel for our expanding population. Dissecting the genetic networks 

underlying plant growth and size provides solutions to this challenge. Plant 

development is remarkably reproducible, generally producing organs with invariant size, 

shape and structure in each individual1. Organ size is crucial to organism function. 

Defects in organ size control mechanisms contribute to many human diseases including 

hypertrophy and cancer2,3. Uniformity in fruit size, shape, and time of ripening are also 

necessary for efficient harvesting and transportation in agriculture4. Inspired by the 

beauty and significance of plant developmental robustness, I am interested in one of key 

questions in developmental biology: how do organs form with consistent sizes and 

shapes? 

Although Waddington brought the robustness issue to prominence as early as in 19425, 

most of the previous research on organ size focused on mutants that affect only average 

cell and organ behaviors, overlooking organ size variation6,7. Recently, robustness 

mechanisms have started to be studied through screening for mutants with increased 

variability8,9. Based on the study of one identified mutant with sepal size and shape 

variability, it has been proposed that spatiotemporal averaging of cellular growth creates 

robust organs and that synchrony of sepal maturation contributes to the size robustness9. 

The first part of my PhD work focused on another mutant isolated from the same round 

of screening which had sepals of variable sizes within the same flower. We named it 

variable organ size and shape2 (vos2). Through the high-resolution live imaging 
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analysis, I showed that the initiation of some sepals is variably delayed in individual 

vos2 mutant flowers. I thus move on to investigate why the sepal initiation is affected 

in vos2 mutants. In inflorescences and flowers, the primordium formation requires the 

proper patterning of cell wall stiffness alteration 10, auxin polar transportation11–14 and 

cytokinin accumulation15,16. VOS2 functions to focus the spatiotemporal signaling 

patterns of the plant hormones auxin and cytokinin. It also affects cell wall modification, 

thus softening the cell wall in floral meristems and flower to promote growth. The 

effects of VOS2 mutations on hormone signaling seems to vary between different sepal 

regions. Consequently, the initiation of sepals in vos2 individual flowers are variably 

delayed. Both hormone signaling and sepal initiation at the outer sepal position appears 

less affected in vos2 compared to the other sepal positions. The reason remains to be 

explored in the future. I speculate that there is a competition for the polar transportation 

of hormones between sepals. As the first sepal to emerge, outer sepals may behave more 

normally due to less competition for auxin. Late initiation of sepals in vos2 mutants 

leads to their smaller size resulting in variability in sepal size throughout the sepal 

development. 

Through the study of Drosophila wing disks, the current paradigm is that final organ 

size robustness is achieved by size sensing and delayed maturation until all organs reach 

their correct size17 18,19. Under this scenario, timing of development is not so important 

as size sensing and buffering masks any defects that occur at early stages. My work 

shows that this is not the only mechanism for organ size robustness as this mechanism 

does not apply to sepal systems. Continuous robustness of sepal size and shape is 

necessary for the function of sepals to enclose and protect developing reproductive 
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organs before the flower blooms20. The requirement for continuous robustness instead 

of robustness only at final stages necessitates the proper timing of sepal initiation. Also, 

our previous research indicates that sepal maturation is synchronous9, which could 

prevent efficient compensation later. The continuous robustness of size throughout the 

development of sepals thus depends on the synchronization of initiation, the 

coordination of sepal growth, and the synchronized maturation. 

Timing is important for organ size robustness. For example in animals, robust somite 

size depends on the precise timing of the somite segmentation clock21. The first part of 

my research on vos2 mutants reveals that early defects in the timing of initiation can 

cause cascading defects in Arabidopsis sepal size. Timing of organ initiation can 

dramatically affect the organ size throughout the whole developmental process and 

determines the final organ size together with the timing of organ maturation. 

Besides the beginning and end of the developmental process, the regulation of growth 

in the middle also matters for the organ morphogenesis. In plants, the spatiotemporal 

control of cell division and cell expansion throughout the organ development governs 

the organ morphogenesis. From previous growth tracking on Arabidopsis roots, leaves, 

and sepals, the cellular growth within plant organs often establishes a proximo-distally 

arranged domains of cell division, cell expansion and maturation22–24. Back in 1790, 

Goethe proposed that leaves and floral organs are evolutionarily descended from a 

common ancestral organ25. This hypothesis has been further verified by numerous 

research projects26–29. Inspired by evolutionary relationship, I was curious whether the 

fruit, the female reproductive floral organ which a substantially different morphology, 

also shares this spatial pattern of cell division and cell expansion. The second part of 
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my PhD work analyzed fruit growth in collaboration with fruit development expert Dr. 

Juan Jose Ripoll and computational biologist Dr. Arezki Boudaoud. 

Our analysis, which combined live imaging and quantitative cellular growth analysis, 

reveals that fruit morphogenesis undergoes a temporal separation of cell division and 

cell expansion with fertilization functioning as the switch. Cell division promotes pre-

fertilization fruit growth while post-fertilization growth is mainly driven by cell 

expansion. We then incorporated genetic tools together with computational modeling 

into our study and investigated how fertilization functions as a temporal switch. As 

indicated by the study of the no transmitting tract (ntt) seed fertilization mutant, in 

which fertilization fails in the bottom half of the fruit30, there is a fertilization derived 

signal promoting the consequent valve elongation. Through the comparison between 

experimental data and simulation data for WT and ntt, we have identified two key 

properties of the fertilization-derived signals: (1) the level of signal cascade determines 

how big the cell will finally be instead of the transient cellular growth rate; (2) the 

signals move through the symplast, thus with an expanding effective range as the cells 

grow. These properties point toward some potentially effective signals, i.e. auxin and 

gibberellic acid, and away from other, i.e. small secreted peptides. 

Timing of growth pattern alteration affects organ morphogenesis. As proposed in the 

second part of my PhD work, the fast elongation of Arabidopsis fruit valve which 

accommodate the developing seeds requires the temporal transition from cell division 

phase to cell expansion phase. 
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I have identified VOS2 as an important regulator of plant developmental timing. The 

third part (chapter 4 and chapter 5) of my PhD work was to further elucidate how VOS2 

regulates the timing of sepal initiation. We have conducted a phylogenetic analysis and 

identified one paralog of VOS2, VOS2-like (VS2L), in the Arabidopsis genome and show 

that both of them are involved in sepal size robustness regulation. I have also shown 

that VOS2 regulates both cell division and ROS accumulation during the development 

of sepals. In addition, our bioinformatic analysis of both RNA-seq and proteomics data 

have revealed that the protein metabolism is one of the major biological functions 

regulated by VOS2. I have already emphasized the significance of timing to the plant 

organ morphogenesis with the first and second part of my PhD work. These studies will 

help elucidate the mechanism through which VOS2 regulates the timing of plant 

development which ensures organ robustness is regulated. 
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