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Inanimals and plants, organ shape is primarily determined during

primordium development by carefully coordinated growth and cell
division'. Rare examples of post-primordial change in morphology
(reshaping) exist that offer tractable systems for the study of mechanisms
required for organ shape determination and diversification. One such
example ismorphogenesis in Capsella fruits whose heart-shaped appearance
emerges by reshaping of the ovate spheroid gynoecium upon fertilization*.
Here we use whole-organ live-cell imaging and single-cell RNA sequencing
(scRNA-seq) analysis to show that Capsella fruit shape determinationis
based on dynamic changesin cell growth and cell division coupled with local
maintenance of meristematic identity. At the molecular level, we reveal an
auxin-induced mechanism that is required for morphological alteration and

ultimately determined by asingle cis-regulatory element. This element resides
in the promoter of the Capsella rubella SHOOTMERISTEMLESS’ (CrSTM) gene.
The CrSTM meristem identity factor positively regulates its own expression
through binding to this element, thereby providing a feed-forward loop at the
position and time of protrusion emergence to form the heart. Independent
evolution of the STM-binding element in STM promoters across Brassicaceae
species correlates with those undergoing a gynoecium-to-fruit shape change.
Accordingly, genetic and phenotypic studies show that the STM-binding
elementis required to facilitate the shape transition and suggest a conserved

molecular mechanism for organ morphogenesis.

Multicellular organisms produce organs with specific functions for
resource acquisition and reproduction®. Evolution of such specialized
functionsisintricately linked with organ morphology diversification
thatis adaptive in distinct ecological niches” . For example, evolution-
ary diversification of fruit shape hasled to diverse dispersal strategies
adapted to optimizing the success of the next generation*'°", Such
phenotypic diversity requires modulation in the coordination of cell
divisionand growthinreproductive structures' . However, the molecu-
lar mechanism underlying this is poorly understood.

Members of the Capsella genus produce fruits that are shaped like
a heart*. Upon fertilization of the Capsella flower, the female repro-
ductive organ undergoes metamorphosis from an oblate spheroid
(disc-shaped) gynoecium to a flat, heart-shaped fruit*'>. This shape is
adopted as the two valves (seed pod walls) each form one half of the
heart protruding laterally from the central replum. The Capsella fruit
therefore provides an excellent system for studying the cellular and
molecular bases of organ shape establishment'. Using the plasma
membrane marker line, pUBQIO:acyl-YFP®,we performed alarge-scale
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Fig. 1| Cellular basis of fruit shape determination in Capsella. a, Heatmaps
depicting cell size in the Capsella fruit during 96 h of time-lapse live-cellimaging
analysis, corresponding to developmental stages 12,13 and 14 (0,48 and 96 h,
respectively). b, Scatter plots representing cell size distribution along the vertical
axes of the fruits at the time points shownina. They axis denotes the inter-
cellular distance from the fruit base (0 pm) to the fruit apex. Each dot represents
anindividual cell. Average cell sizes and confidence intervals are depicted

by purple lines and shading, respectively. ¢,d, Heatmaps demonstrating cell
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proliferation of the Capsella fruit at the 48 h time point (c) and 96 h time point
(d). e,f, Heatmaps of cell growth (the rate of cell areaincrease) of the Capsella
fruitat the 48 h time point (e) and 96 h time point (f). g,h, Heatmaps of cell
anisotropy (the ratio of cell expansion in the maximum and minimum principal
directions) of the Capsella fruit at the 48 h time point (g) and 96 h time point (h).
Inc-h, the white and yellow boxes correspond to the apical regions and basal
regions of the valves, respectively, as indicated in the images of the entire valves
in Extended Data Fig.1.Scalebarsinaand c-h,200 pm.
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analysisincluding atotal of 18,656 segmented cells of the female repro-
ductive organ from developmental stage 12 (fertilization) to stage
14, during which the heart shape of the fruit gradually emerges*'>'*.
Using lineage tracking maps, we quantified cell growth parameters
thataffect form, including growth (the rate of cell area expansion), ani-
sotropy (the direction of cell expansion) and cell proliferation (Fig. 1a
and Extended Data Fig. 1a-c). Analysis of cell size revealed a gradient,
with larger cells predominantly located at the base of the fruit and
progressively smaller cells observed towards the tip (Fig. 1a,b). This
suggested a gradient of differentiation from the base to the tip. Such
agradientwas not detected in Arabidopsis during gynoecium pattern-
ing, nor during post-fertilization fruit growth™'®, and may reflect the
morphological change characterizing Capsella fruit morphogenesis.
Areal growth rates are initially slightly higher towards the top of the
valve near the replum, but increase somewhat at the base between
stages 13 and 14 (Fig. 1e,f; shown for the entire valve in Extended Data
Fig. 1b). In contrast with post-fertilization growth of the Arabidopsis
fruit’, cells of the Capsella fruit continue to divide after fertilization,
although at stage 14 cell division is substantially reduced throughout
the valve (Fig. 1c,d, Extended Data Fig. 1a and Supplementary Fig. 1).
Aregion with ahigher level of anisotropic growth was observed at the
apical part of the fruit near the replum at stage 13 growing towards a
region of smaller and less anisotropically growing cells at the flank
(Fig.1e,gand Supplementary Fig.1). This region was greatly expanded
atstage14 (Fig. 1f,h; shown for the entire valve in Extended Data Fig. 1c
and Supplementary Fig. 1), suggesting that this area pushes the upper
partofthe valve outward, thus contributing to creating the heart shape.
Insummary, organ-wide cellular analysis suggested that coordination
of developmentally controlled anisotropic growth and changesin cel-
lular growth and division are required for reshaping of the Capsella
gynoecium at the onset of fruit development.

To characterize the developmental trajectories of the valve tips at
thesingle-celllevel, we conducted acomparative scRNA-seq analysis of
the valve tips of stage 13 fruits (when shape change initiates) and stage
14 fruits (when shape change is achieved). A total of 32,126 cells from
stage 13 valve tips (-260 fruits) and 38,349 cells from stage 14 valves
tips (200 fruits) were isolated and cell walls were removed (Supple-
mentary Fig. 2). These cells were then subjected to scRNA-seq using
droplet-based technology on the commercial 10x chromium platform
(10x Genomics) (Supplementary Fig. 3). After aligning the data to the
Capsellagenome”, removing the low-quality cells and filtering out genes
induced during protoplast isolation (see Methods), we obtained gene
expressionmatrices containing17,979 genes across 17,453 cells for stage
13 samples and 18,449 genes across 23,176 cells for stage 14 samples (see
Methods, Supplementary Figs.4 and 5and Supplementary Datal). Data
analyses found consistent cell cluster overlap between thetworeplicates
after integration, indicating a high level of experimental reproducibil-
ity (Supplementary Fig. 6). We subsequently chose the replicate with
more cells captured and used principal component analysis on a gene
expression matrix across 2,000 highly variable genes (HVGs). Then, 50
statistically significant principal components (P < 0.05) were chosen

forin-depth dataanalysis. These principal components were processed
using Seurat, resolving 16 and 15 distinct clusters for stages 13 and 14,
respectively (Fig. 2a,b and Supplementary Fig. 7), revealing heteroge-
neous cell populations. The stage 13 clusters contained 158-3,136 cells
and the stage 14 clusters contained 301-4,287 cells (Supplementary
Fig. 4). These clusters exhibited a high correlation across the samples
and bulk RNA-seq (p = 0.9273 for stage 13 and p = 0.9206 for stage 14),
demonstrating the reproducibility of the sample (Supplementary Fig. 8).

The clusters were annotated using orthologues of Arabidopsis
genes with known biological functions and expression patterns in
addition to known markers identified in other scRNA-seq datasets'®
(Supplementary Data1and 2 and Supplementary Fig. 9). Based on
this analysis, we grouped the clusters into six distinct cell types at
both developmental stages (Fig. 2a,b), consistent with the anatomi-
cal structures of the fruit valves (Supplementary Fig. 10). The live-cell
imaging results suggested a progression of cell differentiationin valve
epidermal cells from the base to the tip (Fig. 1a,b). We therefore com-
pared the developmental trajectories of the valve tip epidermal cells
during the shape transition between stages 13 and 14 (Fig. 2c,d). The
epidermal cluster was identified as this cell type specifically expresses
marker genes, suchas ATML1, FDHand DCR”* (Supplementary Fig. 11
and Supplementary Data 2). Pseudotime analysis, whereby cells were
ordered alongareconstructed differentiation trajectory using Monocle
2, showed that genes associated with the cell cycle (those encoding
cyclins, cyclin-dependent kinases (CDKs) and proteins involved in
cytokinesis) are expressed more in stage 13 than stage 14 samples
(Fig. 2e-g, Extended Data Fig. 2 and Supplementary Data 2). Interest-
ingly, comparison of the developmental trajectories of the epidermal
cellsrevealed that both the expression level of cell cycle genes and the
proportion of expressing cells were significantly reduced between
stage 13 and stage 14, indicating a progressive decrease in cell division
activity (Fig. 2e-g and Extended Data Fig. 2a-c).

To validate the scRNA-seq results, we generated GUS reporter
lines (lines labelled with the B-glucuronidase (GUS) reporter gene),
enabling us to track the expression of multiple cell cycle- and
cytokinesis-associated genes, including CrCDKBI1;1, CrCYCBI,1,
CrMAP65-3, CrMAP65-4, CrAUR2 and CrPHGAP2. We found these
reporter lines to be expressed evenly in valves, with stronger expres-
siondetectedin the valve tips during shape formation (Extended Data
Fig. 2d). Live imaging results showed a relatively even distribution
of cell division across the valve in stage 13, which slowed down by
stage 14 (Fig. 1c,d). Together with the expression pattern of cell cycle
reporters, these data suggest that sufficient levels of cell cycle and
cytokinesis components are maintained to support cell proliferation
throughout the valve, but withincreased levels at the tips. Flavopiridol
(FVP) isa CDK inhibitor that blocks cell cycle progression at the G1-S
and G2-M phases®. Inagreement with a role of cell division in reshap-
ing the valve tips, FVP treatment substantially suppressed forma-
tion of the heart-shaped fruit by reducing valve tip growth (Extended
DataFig. 3a,b). These data suggest that maintenance of cell division
is required to shape the apical part of the fruit. Consistent with this

Fig. 2| Comparative analysis of cell differentiation trajectories in fruit valve
tip epidermal cells. a, UMAP visualization of 16 cell clusters in stage 13 fruit

valve tips (n =17,453 cells). b, UMAP visualization of 15 cell clusters in stage 14
fruit valve tips (n = 23,176 cells). Inaand b, each dot denotes a single celland the
colours denote corresponding cell clusters. All of the cell clusters can be grouped
into six cell types (see Supplementary Fig. 9) with corresponding colours:
vascular cells (clusters10 and 14 inaand 6 and 10 inb), embryo cells (clusters
S5and13inaand8inb), guard cells (cluster12inaand 14 inb), epidermal cells
(clusters4and1linaand 3and12inb), mesophyll cells (clusters 0,1,2,3,6,9 and
15inaand0,1,2,4,7,9,11and 13inb) and endocarp cells (clusters 7and 8 in
aand5inb).c,d, Monocle 2 analysis showing differentiation trajectories
coloured by the pseudotime of the valve tip epidermal cells from stage 13 fruit

(c; n=1,775 cells; see Methods) and stage 14 fruit (d; n = 3,000 cells; see Methods).

e-g, Comparisons between stage 13 and stage 14 fruits of the expression
patterns (left) and expression levels (middle) of genes involved in the cell cycle
and cytokinesis (thatis, CrCDKB2;1 (e), CrMAP65-3 (f) and CrKNOLLE (g)), along
with the percentages of cells expressing these genes in valve tip epidermal cells
(right). Gene expression levels were calculated using the ggboxplot function
(inthe ggpubr package inR). Each dotin the differentiation trajectories indicates
asingle cell. The combines violin and box plots in e-g (middle) show the data
distribution and its probability density. In these box plots, the white circles
indicate median values, the edges of the boxes define interquartile ranges,

the whiskers represent 95% confidence intervals and the end points indicate
minimum and maximum values. The widths of the density plots outside the
boxes represent the data frequency.
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idea, fruits at stage 13 were more affected by FVP than those at stage
14 (Extended Data Fig. 3c-e).

Takentogether, the scRNA-seq analysis provides transcriptomic
support to the cellular growth data from the live-cell imaging analy-
sis that cells in the valve maintain meristematic identity during the
transformation in shape from gynoecium to the fertilized fruit. The
stronger expression of the cell cycle genes specifically at the valve
tips contrasts somewhat with the relatively shallow gradient of cell
division measured at the epidermis by time-lapse experiments. It is
possible that subepidermal layers retain stronger competency to
divide at thetip, whereas epidermal divisions are more homogeneous.

Previously, we showed that valve tips have high auxinlevels result-
ing fromlocalized auxin biosynthesis" coinciding with increased growth
of tissue to create the heart shape'. This pattern of growth and auxin
dynamicsis analogous to the shoot apical meristem (SAM), where new
organ primordia are initiated in a regular pattern through the forma-
tion of local auxin maxima and outgrowth®?**. In Arabidopsis, stem cell
identity ismaintained by anintricate network of key regulators, includ-
ing genes encoding transcription factors, such as WUSCHEL (WUS),
SHOOTMERISTEMLESS (STM), KNAT1 (also known as BREVIPEDICELLUS),
KNAT2and KNAT®6 (refs. 5,25-27). We speculated that specific expression
of these meristem identity genes in the valve tips could be responsible
for delaying differentiation in this region. To this end, we created GUS
reporter lines for Capsella orthologues of these genes. Although they
were all expressed in the SAM, only CrSTM revealed expression during
fruit development (Extended Data Fig. 4a-h). Interestingly, a dynamic
expression pattern of CrSTM coincided with progressive establishment
ofthe heart-shaped fruit from stage 12 to stage 14 (Fig. 3a-d).Instage 14
fruits, pCrSTM:GUS expression was specifically localized in the valve tips
(Fig. 3d), overlapping with the expression of auxin biosynthesis genes
(pCryYUC9:GUS and pCrTAA1:GUS) and the pDR5:GUS auxin-signalling
reporter'”. Despite this expression pattern of the CrSTM promoter GUS
reporter line, CrSTMtranscripts were not detected in the scRNA-seq data-
set. Thismay be due to alimitation of the scRNA technology in detecting
low-abundance transcripts but with powerful ability to resolve the het-
erogenous celltypesinagiven organ, as was previously considered®%.
However, the specific signal observed in the reporter line suggested a
potential role of CrSTMin regulating shape formation during Capsella
fruitdevelopment and this was further investigated.

CrSTM encodes a class | KNOX transcription factor that controls
plant growth and development by maintaining the stem cell popu-
lation in the SAM>*°, Regulatory variations in the STM gene and its
homologues are required to control axillary meristems and complex
leaf shapes®-*%. STM has also been implicated in the regulation of

leaf shape diversity affecting patterns of growth proliferation and
differentiation®. Next, we attempted to dissect the functional regions
that facilitate the role of CrSTM in fruit shape determination. To this
end, we generated a series of promoter deletions and narrowed the
functional region required for valve tip expression of CrSTM down
to a 93 base pair (bp) segment around 1,000 bp upstream from the
transcription start site (Fig. 3a,e-h and Extended Data Fig. 4i-1).
Within this region, we identified a hexamer, CTGTCA, that was previ-
ously reported as the recognition sequence for STM in Arabidopsis™.
Intriguingly, this sequence is not present in the AtSTM promoter in
the orthologous region (Supplementary Fig.12) and mutatingitin the
pCrSTM(1.5kb-mu):GUS reporter line abolished expressioninthe valve
tips (Fig. 3e,i). Using chromatinimmunoprecipitation (ChIP), we found
that CrSTM protein fused to green fluorescent protein (GFP) associated
with afragment containing the STM-binding site (Fig. 3j). In addition,
using a dexamethasone (DEX)-inducible version of CrSTM, we could
induce pCrSTM(1.5k):GUS expression and showed that this depends
on the presence of the CTGTCA element (Extended Data Fig. 5a,b).
Moreover, DEX-induced activation of CrSTM expression was unaf-
fected by the presence of the protein synthesis inhibitor cycloheximide
(CHX) (Extended Data Fig. 5c). These experiments show that CrSTM is
autoregulated and sustains expression in the Capsella fruit through
a positive feedback regulatory loop. This finding was furthermore
supported by an assay for transposase-accessible chromatin with
sequencing (ATAC-seq) experiment in which changes in chromatin
accessibility in the region around the CTGTCA element were found to
be associated with temporal CrSTM expressionin the fruit (Fig. 3k and
Extended Data Fig. 5d,e).

To further assess the functional importance of the STM-binding
site in fruit shape determination compared with other regions of the
CrSTM promoter, we created 22 gene-edited lines with diverse dele-
tions in their CrSTM promoter region. To this end, we used a CRISPR-
Cas9-based system with eight guide RNAs (gRNAs) distributed across
a3 kilobase (kb) region upstream of the CrSTM coding region (Fig. 3k
and Supplementary Fig. 13). The effects of the deletions were evalu-
ated by quantifying the fruit shape by shoulder index' and CrSTM
expression level (Fig. 31,m). We found that mutant lines in which the
STM-binding site was deleted (mu9-muli4) exhibited compromised
CrSTM expression and reduced shoulder indices (Fig. 3k-m and Supple-
mentary Fig.14). Downregulation of CrSTMin these lines coincided with
decreased expression of genesinvolvedin cell cycle control (Extended
Data Fig. 6). In these lines, however, heart shape formation was not
completely abolished, suggesting that abasal level of CrSTM expression
still has a role independent from CrSTM autoactivation in fruit shape

Fig. 3| Functional analysis of the CrSTMlocus reveals a positive feed-forward
regulatoryloop. a, Schematic of the 3.5 kb CrSTM promoter upstream of the
start codon. The arrows indicate the promoter deletion series in the GUS reporter
analyses inb-i. The double-headed arrows (A-D) indicate the regions used for
ChlIP analysis. The red diamond indicates the position of the STM-binding site
(936 bp upstream of ATG start codon; CTGTCA red letters). The mutated version
(mu; ATATAA) used in the 1.5 kb GUS reporter construct is aligned below.

b-d, CrSTM expression patterns in Capsella fruits, shown by GUS staining at stage
12 (b), stage 13 (c) and stage 14 (d). e-i, CrSTM promoter activity, shown by GUS
staining using 1.5 kb- (e), 1.0 kb- (f), 0.9 kb- (), 0.5 kb- (h) and 1.5 kb-mutated

(i) promoter:GUS reporter lines. j, ChIP analysis showing that the levels of
CrSTM:GFP protein associated with regions A-D (defined by the double-headed
arrowsin panel a) of the CrSTM promoter were significantly higher in region C.

k, ATAC-seq coverage (blue) on the 3.0 kb CrSTM promoter region (top panel)
using stage 12-14 fruit samples. The grey lines mark the mean and standard
deviation. The ATAC-seq peaks are numbered sequentially from ATG and shaded
inlight pink. The red triangles indicate the gRNAs used to generate the promoter-
editing alleles and the red asterisk indicates the position of the STM-binding
sequence. The bottom panel shows the 22 CrSTM promoter alleles. The deletions
areindicated by dashed red lines and the insertions and inversions are shown

by purple and green rectangles, respectively. I, Quantification of fruit shape by
shoulderindex (see also Extended Data Fig. 3c). The numbers of fruits used for
quantification areindicated in parentheses. For each allele, at least three plants
were sampled. Central lines indicates median values, the edges of the boxes
define interquartile ranges, the whiskers represent 95% confidence intervals and
the end points indicate minimum and maximum values. m, Analysis of CrSTM
expression from stage 13/14 fruits of each allele. n, Schematic of the CrSTM
genomicregion (2.9 kb) with exons and introns indicated by blue rectangles and
black lines, respectively. The single gRNA targeting the first exon is indicated

by ared triangle. The genotyping result is presented below the graph with PAM
sequence indicated in green, gRNA target sequence in yellow and inserted
nucleotide inred. The red star represents the length in amino acids (42) of the
truncated protein produced from the edited CrSTM gene. o,p, Fruit morphology
of CrWT (o) and Crstm** (p) at stage 17. q,r, Fruit morphology of mock- (q) and
DEX-treated (r) pLhGR»amiR-CrSTM lines at stage 17.s,t, Expression analyses of
the amiR-CrSTM (s) and endogenous CrSTM transcripts (t) in stage 13/14 fruit
samples upon DEX treatment. Inj, m, s and t, the values represent the means of
three biological replicates and the error bars represent s.d. Scale bars, 100 um
(b-i) and 5 mm (o-r). Statistical significance was determined by single-sided
Student’s t-test (**P < 0.01; ***P < 0.001).
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determination. Altogether, these results further support the pivotal
role of the STM-binding site in fruit shape determination, with little
contribution from other regions of the CrSTM promoter.

The expression of STM and cell cycle reporters such as CrCDKBI1:1
and CrCYCBI;1 towards the outer edge of the valve is largely

complementary to the anisotropic growth area observed at medial
regions of the Capsella fruit observed at stage 14 (Figs. lhand 3d and
Extended Data Fig. 2d). In addition to the medial region pushing the
upper part of the valve outward, we suggest that higher proliferation
and growthlocated at the edge of the shoulder may contribute to tip
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Fig. 4| Evolution of the STM-binding sites associated with fruit shape
diversification in Brassicaceae. a, Phylogenetic tree of 43 Brassicaceae species
with C. violacea (Capparaceae) as the outgroup. The relationship between
species was reconstructed based on published phylogenetic studies® . Regions
orthologous to the STM-binding site in C. rubella are aligned. The red boxes
indicate the consensus STM-binding site. Conserved sequences are shownin
black and diverged sequences are shown in blue. The representative species with
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(red stars) and without (blue dots) the STM-binding site that were selected for
morphological analysis are indicated to the right. b, SEM images of the gynoecia
atstage 11and whole-mount fruit images at stage 17 of Brassicaceae species with
(red stars) or without (blue dots) the STM-binding site shown ina. Consensus or
non-consensus STM-binding sites are shown in the SEM images with nucleotides
that differ from consensusin red. Scale bars, 400 um (SEMimages) and 5 mm
(whole-mountimages).

growth by pulling the cells located in the middle towards the shoulder,
thereby making them grow more anisotropically.

The autoregulatory expression of CrSTM raises the question of
how it s initially kicked off. It was previously shown that STMin Arabi-
dopsisisregulated partly by auxin response factors (ARFs) in the floral
meristem®. Given that auxin dynamics at the valve tips plays a critical
roleinheartshape formation'", itis possible that CrSTM expressionis
affected by auxin. Two ARFs are particularly important for fruit growth
in Arabidopsis—mamely ARF6 and ARFS8 (ref. 36)—and are therefore
candidates for regulating CrSTM expression. We identified the closest
orthologues of ARF6 and ARF8 in Capsella (CrARF6 and CrARFS8) and
created single- and double-knockout mutants by gene editing (labelled
with superscript ge) to assess their role in Capsellafruit development
(Extended Data Fig. 7a,b). Although neither Crarf6® nor Crarf8 sin-
gle mutants have apparent defects in fruit valve development, the
Crarf6/8% double mutant exhibited severe defects in valve growth
afterfertilization (Extended DataFig. 7c). Interestingly, CrSTM expres-
sion was significantly reduced in the Crarf6/8% double mutant but
not in either of the single mutants (Extended Data Fig. 7d) and ChIP
experiments with GFP-tagged proteins showed that both CrARF6 and
CrARF8associate with regions of the CrSTM promoter (Extended Data
Fig.7e-g). These data suggest that auxininitiates CrSTM expressionin
the fruit through the redundant function of CrARF6/8. Once activated,

CrSTM sustains its expression via autoregulation, thus extending the
time window of cell proliferation and regulating the morphological
change. The auxin-driven activation of CrSTM expression is different
from the repressive effect on STM by ARFs, as previously reported in
the Arabidopsis SAM to promote the initiation of flowers™, suggesting
acontext-dependent effect of auxin on STM expression.

To directly test the requirement for STMin fruit shape formation,
we generated knockout lines of CrSTM using gene editing and targeting
exonlofthe CrSTMgene (Fig.3n). Although many of these lines expect-
edly showed severe phenotypic defects froman early stage, as described
for stm mutantsin Arabidopsis’, some lines producedinflorescences and
fruits (Extended Data Fig. 8a,b). Notably, these fruits completely lacked
outgrowth of the valve tips and failed to undergo the characteristic
change in shape from the disc-shaped gynoecium to the heart shape
of fertilized fruits (Fig. 30,p and Extended Data Fig. 8c,d). The fruits of
the Crstm®* mutant failed to set viable seeds, precluding us from further
studying its contribution to fruit development. To overcome this, we
generated atransgenicline expressing a DEX-inducible artificial micro-
RNA (amiR) that targets the first exon of CrSTM (pLhGR»amiR-CrSTM).
Upon DEX treatment, microRNA expression was induced and endog-
enous CrSTMmRNA levels were downregulated (Fig. 3s,t). Downregula-
tion of CrSTMled to the production of smaller fruits lacking valve tips,
thus abolishing the heart shape (Fig. 3q,r and Extended DataFig. 8e-g).
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Compared with the strongly growth-impaired Crarf6/8* double-mutant
fruits, the less dramatic effect seen in DEX-treated pLhGR»amiR-CrSTM
fruits suggested that CrARF6 and CrARF68 promote fruit growth in
CrSTM-independent ways, such as releasing the repressive effect of AP2
on cell growth, as described in Arabidopsis™®. In fact, the phenotype of
DEX-treated pLhGR»amiR-CrSTM transgenic fruits was very similar to
that of FVP-treated fruits (Fig. 3r and Extended Data Fig. 3), suggesting
that downregulation of CrSTM decreases cell division in the valve tips,
whichinturnperturbsthe fruit shape development programin Capsella.
In agreement with this, the expression of genes involved in cell cycle
control wassignificantly reduced upon DEX treatment (Extended Data
Fig. 8h). Together, these experiments demonstrate that the Capsella
STM orthologue is required for the change in fruit shape from gynoe-
cium to mature fruit.

Since the STM-binding site is not present in the AtSTM promoter
and Arabidopsis produces cylindrical fruits (Supplementary Fig.12), we
wanted totest the effect ofintroducing autoregulation of AtSTM. To this
end, we engineered the AtSTM promoter to include the STM-binding
site attheequivalent positioninthe promoter to thatinthe CrSTMgene
(Extended Data Fig. 9a). A ChIP experiment showed that the AtSTM-GFP
fusion protein indeed associates with this engineered region, coin-
ciding with ectopic expression of AtSTM in the fruit (Extended Data
Fig. 10a,b). Although gynoecia from transgenic Arabidopsis lines
expressing this construct showed no morphological difference com-
pared with the wild type, their fruits exhibited a shape change and
overproliferation of epidermal cells (Extended Data Fig. 9b-j). Further-
more, such a phenotypic change was associated with upregulation of
AtCYCB2;1and AtCYCD3;2 expression (Extended DataFig.10c-h). Taken
together, these datademonstrate that acquisition of the STM-binding
element in the AtSTM promoter induces ectopic STM expression and
cell proliferationleading toamorphogenetic change, showing that STM
autoregulation s sufficient for fruit shape determination.

The Brassicaceae family contains more than 3,800 species and
is characterized by a diversity of fruit shapes that are derived from
an ancestral cylindrical shape**”*°. To test whether the STM-binding
site exists inother STM orthologous genes, we analysed the promoter
sequences of a panel of 43 Brassicaceae species with Cleome violacea
(Cleomaceae) as the outgroup (Fig. 4a). Whereas the promoter of C.
violacea STM (CvSTM) lacks the consensus sequence of the STM-binding
site, this element appears to have evolved repeatedly within the Bras-
sicaceae family (Fig. 4a). Remarkably, we noticed a perfect correlation
between species harbouring the STM-binding site and those undergo-
ingashape change from the gynoeciumto the mature fruit (Fig. 4b). We
hypothesize that this could be due to post-fertilization cell divisionsin
thefruits, caused—at least in part—by STM expression and autoregula-
tion. Moreover, in support of this proposal, our molecular evolution
analysisrevealed that the STM-binding site has been targeted by selec-
tion in Brassicaceae species with this element, but remains neutral in
the counterpartregionin species without this element (Supplementary
Fig. 15). This analysis further substantiates the pivotal evolutionary
significance of this particular 6 bp sequence in adaptation.

Nature is rich in morphological diversity, not least among fruits
from flowering plants exhibiting an immense variation in shape. Our
work shows that fruit morphogenesis depends on the maintenance
of cell division and specific local patterns of growth. This process
involves a positive and autoregulatory loop of the meristem identity
factor STM, centred around the presence or absence of aSTM-binding
siteinthe promoter of the STM gene itself. The mechanismis initiated
by local auxin-induced signalling and is required for the metamorphic
shape change occurring between gynoecium and fruit formation. STM
autoregulationrelieves the morphological constraintimposed by the
gynoecium shape. Since autoregulation of STM appears to have been
co-opted independently multiple times within the Brassicaceae family,
evolution of theregulatory STM-binding site may represent a particu-
larly efficient mechanism for generating morphological diversity.

Methods

Plant materials and growth conditions

The C. rubella materials used in the study were in the Cr22.5 ecotype
background. The Brassicaceae species analysed in this study were
ordered from the Germplasm Bank of Wild Species of China (Supple-
mentary Table1). The seeds were germinated on MS medium containing
1% sucrose, 0.8% agar and 10 pM gibberellin (G7645; Sigma-Aldrich)
at 22 °C. The 10-day-old seedlings were then transplanted into soil in
a controlled environment room (CER) at 22 °C under 16 h light/8 h
dark conditions.

Plasmid construction and plant transformation
To generate the cell membrane marker line, the pUBQ10:acyl-YFP
plasmid® was transformed into the Cr22.5 ecotype background. To
construct the pCrSTM:GUS (Carub.0002s0262;1,966 bp), pCrwUS:GUS
(Carub.0003s3208; 1,982 bp), pCrkKNAT2 (Carub.0002s1721;
4,400 bp), pCrKNAT6 (Carub.0001s2296; 6,074 bp), pCrCDKBI;1
(Carub.0005s2077; 447 bp), pCrCYCBI1;1 (Carub.0007s02791;
460 bp), pCrMAP65-3 (Carub.0008s1164; 1,295 bp), pCrMAP65-4
(Carub.0005s2760;1,647 bp), pCrAUR2 (Carub.0004s0570;1,354 bp)
and pCrPHGAP2 (Carub.0006s1773; 3,220 bp) GUS reporter plas-
mids, each respective promoter was isolated via PCR using Phusion
High Fidelity DNA Polymerase (MO530L; New England Biolabs) and
inserted upstream of the GUS gene of the pCambial301 vector. For
CrSTM promoter activity analysis, a series of deletions were gener-
ated using the pCrSTM:GUS plasmid as a template. The sequences
wereinserted upstream of the GUS gene of each pCambial301 vector.
To generate the GFP-tagged transgenic lines, the full-length genomic
fragment and promoter sequence (that is, pCrSTM:CrSTM:GFP
(4,986 bp), pCrARF6:CrARF6:GFP (Carub.0001s2855; 7,157 bp),
PCrARF8:CrARF8:GFP (Carub.0007s3229; 7,151 bp) or pAtSTM(WT/
mu):AtSTM:GFP (AT1G62360; 4,490 bp)) were amplified and fused
in-frame with the GFP coding sequence of the pCambial302 vector. To
construct the DEX-inducible 355:CrSTM:GR plasmid (the CrSTM cod-
ing region fused to the glucocorticoid receptor (GR)), the full-length
CrSTM coding sequence was isolated from the fruit complementary
DNA (cDNA) and inserted in-frame with GR in the pGTI0283 vector. To
construct the two-component DEX-inducible pLhGR»amiR-CrSTM plas-
mid, artificial microRNA targeting the first exon of CrSTMwas designed
accordingtoref. 41. Briefly, the microRNA was synthesized as oligonu-
cleotides and the functional sites in the microRNA319 backbone were
substituted via series PCRs. The resultant amiR-CrSTM-miR319 PCR
product was thenintegrated into the binary vectors using the Golden
Gate cloning methods described inref. 42. The pLhGR»CrSTM:3xFLAG
plasmid was generated in a similar way to the pLhGR»amiR-CrSTM
plasmid except that the CrSTM coding sequence was tagged with 3x
FLAG. To construct the CRISPR-Cas9 genome editing plasmids, DNA
sequences encoding gRNAs adjacent to PAM sequences (NGG) were
designed using CRISPR-P 2.0 software**, which targets the first exon
andeightssites that target the promoter of Carub.0002s0262. For gene
editing of CrARF6/8, gRNAs targeting either exon 2 (CrARF6) or exon1
(CrARF8) were designed. These gRNAs (Supplementary Table 2) were
synthesized as oligonucleotides with Golden Gate cloning adaptors and
wereinserted downstream of U6 promoters and then recombined with
PRPS5a:Cas9z:E9t using Golden Gate cloning methods to produce the
binary vectors. All vectors were verified by sequencing and introduced
into Agrobacterium tumefaciensstrain LBA4404 by cold-shock transfor-
mation. Details of the primers are provided in Supplementary Table 2.
Transformation of Capsella followed the floral dipping method
optimized in ref. 42. The transformants were screened on MS plants
with1% sucrose and 0.8% agar containing either 40 mg 1™ hygromycin
(10843555001; Roche) or 25 mg I DL-phosphinothricin (P0159.0250;
Duchefa). For each construct, atleast tenindependent transformants
were obtained for further analysis. All of the analyses were conducted
onthe T2 generation of each representative transgenic line.
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Phenotyping and scanning electron microscopy

For whole-mount fruit phenotypes, stage 17 fruits of each genotype
or Brassicaceae species were collected and photographed using a
Nikon D850 camera equipped witha 105 mm prime lens. For scanning
electron microscopy (SEM), theinflorescences of each genotype were
fixed in a solution of formaldehyde, alcohol, and acetic acid and then
dissected in 70% ethanol. The samples were dehydrated and critical
pointdriedin CO,followed by spotter coating with gold. The samples
were examined using a Hitachi S-4800 scanning electron microscope
with anacceleration voltage of 10.0 kV.

Protoplast preparation and scRNA-seq

The protoplasts from the fruit valve tips were prepared viaa previously
described protocol with minor modifications**. Briefly, the tip regions
of stage 13 and 14 fruit valves were dissected from 200-260 fruits
with aknife under alight microscope and then digested in RNase-free
enzymatic buffer (1.5% cellulase R-10, 0.4% macerozyme R-10, 0.6 M
mannitol, 20 mM MES (pH 5.7), 20 mM KCI, 10 mM CacCl, and 0.1%
bovine serum albumin) for 2.5-3.0 hat 25 °C on ashaker at a speed of
40 r.p.m. The protoplasts were collected using cell strainers (40 pmin
diameter; 352340; Falcon) and washed with W5 buffer (154 mM NacCl,
5mMKCI, 125 Mm CaCl,and 2 mM MES (pH 5.7)) two or three times to
remove cell debris and incompletely digested tissues. The protoplasts
were then concentrated with 0.6 M mannitol on ice, followed by a
quality test (determined by trypan blue staining as >90% viable cells
(asapercentage of total cells) for each sample). The concentration of
protoplasts was finally adjusted to1,000-1,200 cells per pl with0.6 M
mannitol. A total of 50,000 cells were prepared for each sample. The
scRNA-seq experiments were performed with two independent biologi-
calreplicates per stage.

To construct the sequencing library, the single-cell suspensions
wereloaded ona Chromiumsingle-cellinstrument (Chromium Control-
ler; 10x Genomics) to generate single-cell gel beads inemulsion (GEMs).
Then, the cDNAs were synthesized by reverse transcription on a PCR
machine. The sequencing library was generated using the Chromium
Single Cell 3’ GEM, Library & Gel Bead Kit v3 (1000075) and Chromium
Single Cell B Chip Kit (1000073) (both10x Genomics) accordingto the
manufacturer’s instructions (Chromium Single Cell 3'Reagent Kits
v3 User Guide; CGO0OO0183 Rev A). The libraries were sequenced using
an Illumina NovaSeq 6000 and two 150 bp paired-end kits. The raw
scRNA-seq dataset comprised the following reads: read1(28 bp), read
2 (150 bp) andi7index (8 bp).

Bulk RNA-seq and correlation analysis
Toidentify the protoplasting-induced genes, total RNAs wereisolated
from fresh tissues and the protoplasts of valve tips using an SV Total
RNA Isolation System. DNase I was then added to digest the genomic
DNA (Z3100; Promega) following the manufacturer’s instructions.
RNA-seq experiments were performed with three independent biologi-
calreplicates. The RNA quality was determined using an Agilent 2100
Bioanalyzer. The sequencing libraries were constructed using a Hieff
NGS Ultima Dual-mode mRNA Library Prep Kit for lllumina (12301ES96;
YESEN) and sequenced on the lllumina NovaSeq 6000 according tothe
manufacturer’sinstructions. The high-quality and clean reads gener-
ated by trimming the adaptors were mapped and annotated against
the C. rubella v.1.0 genomic sequence". EdgeR was used to identify
the differentially expressed genes. In total, 65 differentially expressed
geneswereinduced viathe protoplasting process and used as controls
for the effect of protoplasting in the scRNA-seq experiments.
Analysis of the correlation between scRNA-seq and bulk RNA-seq
was conducted to determine whether the scRNA-seq data captured
all of the biological processes in the valve tips. For the bulk RNA-seq
datasets, we used the data matrix of the RNA-seq workflow on fresh
valvetip samples. For the scRNA-seq datasets, we used the datafrom the
CellRanger and Seurat workflows. Dataintegration and normalization

were processed as previously described™. The function ‘cor.test’inR
was used to calculate the Spearman’s rank correlation between the bulk
RNA-seq dataset and scRNA-seq dataset.

Dataintegration, clustering and annotation

To align reads and generate gene-cell matrices, the raw dataset was
processed using Cell Ranger 6.0.2 (10x Genomics) software with the
default parameters. The nuclear genome (version 1.1) and the mito-
chondrial genome and associated GTF annotation files of C. rubella
were downloaded from Phytozome (https://phytozome-next.jgi.doe.
gov/) and the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/), respectively. These files were subsequently
combined usingthe ‘cellranger mkref’ function to build the reference.
Then, the gene-cell matrix was generated using the ‘cellranger count’
function. More than 90% of reads generated in all of the samples were
tagged with cell barcodes by executing the ‘cellranger count’ func-
tion. From the two replicates, the one with more cells captured was
subjected toin-depth sequencing (meanreads per cell >40,000) and
further analysis.

The resultant gene-cell matrix was then processed in the Seurat
(version 4.3.0) package for in-depth data analysis, including quality
control, normalization, dimension reduction, clustering and annota-
tion. For quality control, we applied the following criteria: (1) cells with
unique molecularidentifiers numbering~2,500-40,000 were selected
for analysis; (2) the percentage of mitochondrial unique molecular
identifiers was <5%; (3) cells containing fewer than200 expressed genes
were filtered out; (4) genes that were expressed in fewer than three
cells were removed; and (5) genes with significant differential expres-
sion induced by the protoplasting process were excluded. To correct
the variation caused by library preparation efficiency or sequencing
depth, we used the ‘NormalizeData’ function to normalize the matri-
ces.Thetop 2,000 HVGs were selected using the ‘FindVariableGenes’
function following the variance-stabilizing transform method. For
dimension reduction, the ‘RunPCA’ function was used to calculate 50
principal components of HVGs and the top 20 principal components
representing an accumulating contribution rate of >85% were selected
for downstream analysis. Next, we used the ‘FindNeighbors’ function
onthetop 20 principal components to compute the nearest neighbour
networks. We then used the ‘FindClusters’ function to cluster cells
with a ‘resolution of 0.7’ argument based on the Louvain method. The
uniform manifold approximation and projection (UMAP) method was
used to visualize the cell clusters. The cluster-specific or preferentially
expressed genes were identified using the ‘FindAlIMarkers’ function
with the parameters ‘min.pct = 0.05, logfc.threshold = 0.5’. The ‘Dot-
Plot’ and ‘VInPlot’ functions were used to define the enrichments of
marker genesinthe corresponding cell clusters. Anadditional R pack-
age, DoubletFinder (version 2.0.2), was used to identify and remove
the predicted doublet droplet from the clusters. The Plotly (version
4.10.1) package was used to generate a three-dimensional UMAP scat-
ter graph. For data integration analysis, we merged the datasets from
the two replicates using the Seurat (version 4.3.0) package workflow
with the function merge’. The resultant merged dataset was processed
by normalization, dimension reduction and clustering, then the ‘Inte-
grateLayers’ function with the parameter ‘method = CCAlntegration’
was used to performintegration. To visualize the tworeplicatesand the
merged dataset, we used the function ‘Dimplot’ with either the ‘group.
by’ parameter or the ‘split.by’ parameter, respectively.

Differentiation trajectory analysis

To reconstruct the developmental trajectory of the epidermal cells,
cells expressing the specific marker genes (stage 13 clusters 4, 11 and
12 and stage 14 clusters 3, 12 and 14) were collected and grouped.
To minimize the influence of stomata lineage on trajectory recon-
struction, cells expressing FAMA were removed. To normalize the
mRNA difference between cells, the ‘estimateSizeFactors’ and
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‘estimateDispersions’ functions were applied. Subsequently, the mono-
cle (version 2.18.0) package was used toinfer the differentiation trajec-
tory. A semi-supervised method was used to infer the genes involved
inthe corresponding biology process. The core developmental steps
were calculated based on the DEGs from the initial HVGs using the
‘differentialGeneTest’ function (screening criteria: ¢ value < 0.01). We
used the DDRTree algorithm with the ‘reduceDimension’ function to
reduce the dimensions. Toalign cellsin the trajectory, the ‘orderCells’
function was performed; the root was established based on the maxi-
mum expression of ATML1, FDHand DCRinthe trajectory. To visualize
genesinvolvedinthecell cycle and cytokinesis (Supplementary Data2),
we used the ‘plot genes in pseudotime’ function. The numbers of
cells expressing these genes and expression values of corresponding
genes were calculated from counts and visualized using the ggplot2
(version 3.4.2) package.

Chemical treatment and phenotypic quantification
Forapplication ofthe cyclin-dependent kinase inhibitor FVP (HY10006;
MedChemExpress), 100 uM working solutions were prepared with
water and Silwet (0.02%). The FVP and mock (water with 0.02% Silwet)
solutions were dipped onto the stage 13 and stage 14 fruits under the
microscope. The plants were then kept in the CER under long-day
conditions (22 °C with 16 h light/8 h dark). The fruit phenotype was
recorded at 36 and 48 h intervals. For DEX (D4902; Sigma-Aldrich)
and CHX (01810; Sigma-Aldrich) treatment, 10 mM (DEX) and 2 mM
(CHX) stock solutions were resolved in dimethyl sulfoxide (DMSO;
D8418; Sigma-Aldrich). For the 355:CrSTM:GR lines, 10-day-old seed-
lings were transferred onto MS medium containing either 10 uM DEX,
2 uM CHX, 10 pM DEX plus 2 uM CHX or mock (with equal amount
of DMSO) for 4 h on a shaker in the CER at a speed of 40 r.p.m., after
whichthe samples were fixed in liquid nitrogen and subjected to gene
expression analysis. For the pLhGR»amiR-CrSTM lines, 20 uM DEX
solution with 0.02% Silwet or mock (water with 0.02% Silwet) solution
was dipped onto theinflorescence (all flowering buds later than stage
12 ontheinflorescences were removed using scissors) and kept under
humid conditions for 24 h, then the plants were grown in the CER
under long-day conditions (22 °C; 16 h light/8 h dark) to allow further
development. Stage 13/14 fruits of mock- and DEX-treated fruits were
fixed using liquid nitrogen and subjected to gene expression analysis.
Fruit phenotypeswererecorded at therespective developmental stages
with aNikon D850 camera or SEM. For the pCrSTM(1.5 kb WT/mu):GUS/
PLhGR»CrSTM:3xFLAG lines, 10-day-old seedlings were transferred into
liquid MS medium containing either 10 uM DEX or mock (with equal
amounts of DMSO) for12 honashakerinthe CER ataspeed of 40 r.p.m.
The samples were subjected to GUS staining at 4 hintervals.

The fruit shape was quantified as the shoulder index value,
which was calculated with the anti-trigonometric function
6= Arctan((L, - L,)/W) using the parameters described in ref. 12.

Live-cellimaging and cell behaviour analysis

To conduct the live-cell imaging experiments, the pUBQ10:acyl-YFP
plantswere cultivated onsoilin the CER under long-day conditions until
they reached the bolting stage (22 °C; 16 h light/8 h dark). At stage 12,
the fruits were dissected, transferred onto aslide and imaged, captur-
ing yellow fluorescent protein signals at 24 h intervals using a Zeiss
inverted-laser confocal microscope (Zeiss LSM 980) equipped with
a water immersion objective (x25/0.95) and using ZEN Micropscopy
Software. The excitation wavelength was set to 513 nm and the emission
window was approximately 530 nm. Confocal stacks were acquired at
aresolution of 1,024 x 1,024, withless than 0.5 pm in the z dimension.
Duringtheintervals betweenimaging sessions, the samples were main-
tained on Petri dishes containing 1/2 MS medium supplemented with
vitamins (PM1011; Coolaber) and 1% sucrose in the CER under long-day
conditions (22 °C; 16 hlight/8 h dark). The acquired images were ana-
lysed using MorphoGraphX*. To quantify the cell area ratio, growth

anisotropy and proliferation, the fluorescence was projected into a
mesh, cell outlines were segmented and the relationships between cells
wereindicated across successive time points. Heatmapsillustrating the
differences between two time points were generated, with the heatmap
beingshownonthe fruit stage at the latter stage. Representative growth
or proliferation maps were obtained from a single experiment. For
quantification of cellgrowth and division, parameters were extracted at
different time point using the MorphoGraphX software and a Wilcoxon
test was used to test the significance.

RNA extraction and expression analysis

The samples (fruits or seedlings) subjected to expression analysis were
immediately fixed in liquid nitrogen. Total RNA was isolated from the
samples using the SV Total RNA Isolation System, as mentioned above.
500 ng total RNA was reverse transcribed into cDNAina10 plreaction
with the SuperScript IV First-Strand Synthesis System (K1622; Thermo
Fisher Scientific), according to the manufacturer’s instructions.

For real-time qPCR, gene-specific primers were designed (Supple-
mentary Table 2) and verified by PCR followed by sequencing. The SYBR
Premix Ex Taq (RR420DS; Takara Bio) was used to perform real-time
qPCR with ROX as a reference dye on a StepOnePlus Real-Time PCR
System (Life Technologies). The CT value of each gene was determined
by normalizing the fluorescence threshold. The relative expression
level of the target gene was determined using the ratio = 22" method.
CrUBQI0was used as an internal control.

GUS histochemical assays were performed as previously
described™.

ChIP and ATAC-seq

For the ChIP experiment, stage 12-15 fruits from each genotype
(GFP-tagged transgenic lines; see the section ‘Plasmid construction
and plant transformation’) and wild-type plants were harvested and
cross-linked in 1x phosphate-buffered saline plus 1% formaldehyde
under vacuum for 10 min then 2 M glycine was added to a final con-
centration of 125 mM and vacuum was applied for another 5 min.
Eachsample containing 3.0 g of tissue was ground into a fine powder
in liquid nitrogen and the nuclei were isolated with Honda buffer
(0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40, 20 mM HEPES KOH
(pH7.4),0.5% Triton X-100,10 mM MgCl, and two tablets of Protease
Inhibitor Cocktail (100 ml). Chromatin was released and fragmen-
tated by sonication. After sonication, around one-twelfth (50 pl)
of the DNA sample was taken out as input. The remaining DNA was
subjected to anti-GFP immunoprecipitation using Pierce Protein
G Magnetic Beads (88847; Thermo Fisher Scientific) coated with
monoclonal anti-GFP antibody (11814460001; Roche) at4 °Cfor 4 h.
After immunoprecipitation, the beads were washed with the immu-
noprecipitation buffer and TE buffer then processed via the reverse
crosslinking procedure in the presence of 10% sodium dodecyl sulfate
at 65 °Cfor12 h. The proteinsin the DNA complex were digested using
Proteinase K treatment at 45 °C for 1 h. After phenol/chloroform
extraction, the DNA was visualized using GlycoBlue (AM9515; Thermo
Fisher Scientific), precipitated in 70% ethanol, thendried and resolved
in ChIP-grade water (W4502; Sigma-Aldrich). qPCR was performed
using SYBR Premix Ex Taq on a StepOnePlus Real-Time PCR System
(Life Technologies).

ATAC-seq experiments were performed following a previously
described protocol*® with minor modifications. Briefly, 0.5 g of stage
12-14 and stage 15-16 fruits were harvested and ground into fine power
in liquid nitrogen. Approximately 50,000 nuclei were collected and
washed using cold phosphate-buffered saline, then resuspended with
coldlysis buffer (10 mM Tris-HCI (pH 7.4),10 mM NaCl, 3 mM MgCl, and
0.1% IGEPAL CA-630). The nuclei were then subjected to transposing
reaction with Tn5 Transposase at 37 °C for 30 min and the DNA was
purified using a Qiagen MinElute PCR PurificationKit (28006; Qiagen).
The sequencing libraries were prepared by PCR amplification using
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NEBNext PCR master mix (M0541S; New England Biolabs). The ampli-
fied libraries were purified with AMPure beads (A63880; Beckman
Coulter) and sequenced on an Illumina platform to generate 150-bp
paired-end reads. For the ATAC-seq data analysis, the raw sequenc-
ing reads were first trimmed using fastp (version 0.20.0) to generate
clean fastq files. After filtering out the low-quality reads (reads with a
length below 35 bp and a base quality value of <10), the sequences were
aligned to the C. rubella reference genome® using Bowtie2 software®.
The duplicated reads were marked and removed using sambamba
(version 0.6.7) and bedtools (version 2.25.0)*. Peaks were then called
using MACS2 (version 2.1.4)*’ software with the screening criteria of a
false detection rate of <0.05. Common peaks presentin bothreplicates
were identified and used for follow-up analysis. DeepTools (version
3.1.2) was used to map the density distribution of sequencing reads
upstream and downstream of the transcription start site of each gene.
For visualization, the datasets were converted to bigwig format using
BamCoverage in DeepTools (version 3.1.2) with abin size of 10 bp and
then visualized using Integrative Genomics Viewer (version 2.4.14)
software. The ATAC-seq experiments were performed with two inde-
pendentbiological replicates.

Evolution analysis of the STM-binding sites

The promoter sequences of STM orthologues wereisolated by TAIL-PCR
(6108; Takara Bio) from the DNA of the representative Brassicaceae
species (Supplementary Table 1). The 20-bp orthologous region con-
taining the STM-binding site in the centre was extracted and aligned
using MUSCLE version 3.8 (ref. 50) with default settings. The sample
panelwas divided into two groups: one containing the species with the
STM-bindingsite (n = 21) and the other containing the species without
the STM-binding site (n = 28). These two aligned files were separately
inputted into the WebLogo online tool (https://weblogo.berkeley.edu/)
to generate the sequence logo.

Toevaluate selection on the flanking sequence onthe STM-binding
site, we computed the mean Shannon entropy for every 6 bp in a
sliding-window mode for the 5’ and 3’ sequences (12 or 18 bp) flanking
the STM-binding site and compared the values between groups with
or without this site. For the control, we used the coding sequences
of STM orthologous genes from Brassicaceae species with available
genome sequences (https://github.com/mscharmann/tools/blob/
master/extract_4fold_degenerate_sites.py). Next, we randomly
sampled six sites from all of the fourfold sites, calculated the mean
Shannon entropy value and repeated these two steps 1,000 times.
Statistical comparisons amongthe three groups were performed using
atwo-sided Mann-Whitney UtestinR (version 4.1.2).

Quantification and statistical analysis

All of the statistical analyses were performed using Microsoft Excel. All
ofthe measured dataare presented as means + s.d. (as specified in the
figure captions) and sample sizes (n) are provided in the Methods and
figure captions. Comparisons between groups for the qRT-PCR, fruit
character and ChIP-qPCR analyses were performed in Microsoft Excel
using single-sided Student’s ¢-tests and significance levels are marked
with asterisks (*P < 0.05; **P < 0.01; **P< 0.001).

Statistics and reproducibility

For each GUS reporter construct, at least ten independent transfor-
mants were obtained for further analysis. All of the analyses were
conducted on T2 generations of the representative transgenic lines.
For phenotypic studies of transgenic lines using scanning electron
microscopy or lightimaging, specimens from at least fiveindependent
lines were analysed.

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

Data availability

All of the data supporting the findings of this study are available within
the paper and its Supplementary Information. The scRNA-seq data
are available from the National Center for Biotechnology Informa-
tion BioProject Database (www.ncbi.nlm.nih.gov) under the code
PRJNA1067523.
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Extended Data Fig.1| Time-lapse live imaging analysis of Capsella fruit cell proliferation (a), cell growth (b) and cell anisotropy (c). The white and yellow
development. a-c. Heat-maps of valves at 48-hour (48 h) and 96-hour (96 h) time boxes in a-cindicate the enlarged area shown in Fig. 1 of the main the text. Scale
points corresponding to developmental stages 13 and 14, respectively, depicting barsinatoc,200 pm.
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Extended Data Fig. 2| Expression profiles of cell cycle genes in the pseudotime
differentiation trajectories and reporter lines. a-c, Comparisons of the
expression patterns, expression levels and percentages of cells expressing the
genesinvolved in cell cycle and cytokinesis (a, CrCYCAL1; b, CrCYCB2;:4;

¢, CrAUR2) in the valve tip epidermal cells between stage 13 and stage 14 fruits.
The gene expression level is calculated by the ggboxplot function (Rggpubr
package). Values of gene expression and percentage of cells originate from one of
the two single cell sequencing experiments. d, Expression patterns of CrCDKBI,1,
CrCYCBIL1, CrMAP65-3, CrMAP65-4, CrAUR2 and CrPHGAP2 by GUS staining

withrespective reporter lines at developmental stages 13 and 14, showing an
even distribution of expression of these genes in the valve cells and a gradual
decreasein the expressionin the valve tips. In the middle plots of a-c, the violin
plotsincorporate box plots to show the data distribution and its probability
density. In these box plots, the white circle indicates the median, the edges of the
box define the interquartile range, the whiskers represent the 95% confidence
interval and the end points indicate the minima and maxima values. The width of
the density plot outside the box represents the data frequency. Each dotin the
differentiation trajectory of ato cindicates asingle cell. Scale barsind, 100 pm.
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Extended DataFig. 3 | Effects of FVP treatment on Capsella fruit shape
development. a, Time-course pictures of the fruits upon FVP and Mock
treatment started from stage 13. Please note after 36 h, the stage-13 fruit has
already developed to stage 14, 72 hto stage 15and 120 h to stage 16.

b, Time-course pictures of the fruits upon FVP and Mock treatment started from
stage 14. Equivalent time points to stage 13 are shown. ¢, Schematic drawing to
illustrate the shoulder index calculation. d, Shoulder index measurements of

fruits from FVP and Mock treatment started from stage 13. e, Shoulder index
measurements of fruits from FVP and Mock treatment started from stage 14.Ind
and e, values represent the mean of fruit shoulder index from the sample number
indicated in the bracket, error bars represent SD. Error barsind and e represent
SD of atleast 10 individual fruits. ***p < 0.001 (Single-sided Student’s t test). Scale
bars,5mminaandb.
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- —> —
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Extended DataFig. 4 | Expression analysis of candidate genes. a-d, Expression was detected in the fruit valve tips. i, Schematic of the 2.0 kb CrSTM promoter
pattern of CrwUS (a), CrKNAT2 (b), CrKNAT6 (c) and CrSTM (d) shown by GUS upstream of the start codon. The arrows indicate the promoter deletion
staining with respective reporter lines in the shoot apical meristem (SAM), series in the GUS reporter analysis. j-1, Expression pattern of CrSTM(0.8 kb) (j),
showing all genes are expressed in the SAM. e-h, Expression pattern of CriWUS CrSTM(0.7 kb) (k) and CrSTM(0.6 kb) (1) shown by GUS staining with respective
(e) and CrkKNAT2 (f), CrKNAT6 (g) and CrSTM (h) shown by GUS staining with reporter lines in the stage-14 fruits, showing no CrSTM expression could be
respective reporter lines in the stage-14 fruits, showing only CrSTM (h) expression  detected in the fruit valve tips. Scale bars, 100 pm.

Nature Plants



http://www.nature.com/natureplants

Letter https://doi.org/10.1038/s41477-024-01854-1

a pCrSTM(1.5 kb):GUS/pLhGR>>CrSTM:3XFLAG c
Mock-4h DEX-4h DEX-8h DEX-12h CrSTM-3'UTR
12 4
p=0.009
*%*
10 A ole
2
3 p=0.0018
- 8 *x
Re]
(2]
(2]
L 6
L S
)
b pCrSTM(1.5 kb-mu):GUSIpLhGR>>CrSTM:3XFLAG 0 4
Mock-4h DEX-4h DEX-8h DEX-12h E
€,
0
N N 4~
& SN F
A
35S:CrSTM:GR
d CrSTM promoter region (3.0 kb) ATG
ATAC-seq ,_9500bp
peaks 1 +400
Stage 12-14 +20G
Fruits
+400
Stage 15-16 +20
Fruits ©

e |

*
CTGTCA

®

pCrSTM(2.0 kb):GUS

Extended DataFig. 5| See next page for caption.
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Extended DataFig. 5| CrSTM directly activates its own expression through
binding to an elementin the CrSTM promoter. a, In the pCrSTM (1.5 kb):GUS/
PpLAGR»CrSTM:3xFLAG lines, CrSTM:3xFLAG protein is over-expressed upon
DEX treatment but not in the mock at the 4 hour time point. Over-expression
ofthe CrSTM:3xFLAG protein, in turn, activates the pCrSTM (1.5 kb) promoter
shown by GUS staining in time-course records. Please note that the expression
of GUS is accumulated over time with DEX treatment, suggesting a response of
pCrSTM (1.5 kb) promoter to the CrSTM:3xFLAG protein levels. b, In the pCrSTM
(1.5kb-mu):GUS/pLhGR»CrSTM:3xFLAG lines, pCrSTM (1.5kb-mu) promoter

does not respond to overexpression of CrSTM:3xFLAG proteins upon DEX
treatment, suggesting that the STM-binding site is responsible for the activation
of GUS by CrSTM:3xFLAG. ¢, In the 35S:CrSTM:GR lines, endogenous CrSTM
expression (detected by probes targeting the 3’'UTR) could be activated by

CrSTM:GR proteinsin the presence of DEX and the protein synthesis inhibitor
cycloheximide (CHX), indicating that CrSTMis a direct target of CrSTM:GR.

d, Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-Seq)
analysis of the CrSTM promoter region (-3.0 kb) in stage 12-14 fruits and stage 15-16
fruitsamples. The grey lines mark the mean and standard deviation. ATAC-seq
peaks are numbered sequentially from ATG and shaded in light pink. Please note
that the chromatin region containing the STM-binding site (i.e., peak-2; the red-
dashed line boxed region) becomes less accessible in stage 15-16 fruit compared
with stage 9-14 fruits, while other regions, such as peak-3 and peak-4 remain
unchanged. e, Expression of CrSTM in stage 13/14 and stage 15/16 fruits shown
by GUS staining ina pCrSTM(2.0 kb):GUS reporter line. Values in c represent

the mean of three biological replicates and error bars represent SD. **, p < 0.01
(Single-sided Student’s t-test). Scale barsinaand b,1 mm; e, 100 pm.
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Extended Data Fig. 6 | Expression analysis of cell cycle genesin the CrSTM
promoter CRISPR lines. qRT-PCR analysis of gene expression in the stage 13/14
fruits of CrWT and each STM-binding site knock out line (mu9-mu1i4; details are
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provided in Fig. 3 in the main text). Values represent the mean of three biological
replicates and error bars represent SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001
(Single-sided Student’s t-test).
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Extended DataFig. 7| CrARF6/8 redundantly activate CrSTM expressionin Crarf6*, Crarf8° and Craf6/8 mutants at stage 17.d, In the stage-13/14 fruits,
thefruit. a, Schematic showing the CrARF6 gene structure. The gRNA targeting expression of CrSTMremained unchanged in both the Crarf6* and Crarf8*
the second exonisindicated by ared triangle. The Crarf6% mutant was generated single mutants, while its expression was significantly decreased in the Crarf6/8%
and confirmed by PCR-Sequencing of a2-bp (CT) deletion in the second exon double mutant, suggesting a redundant function of CrARF6 and CrARF8in
and theresultant protein was 51-aa in length compared with 926-aain the WT. regulating CrSTM. e, Schematic showing the CrSTM promoter. The green
b, Schematic showing the CrARF8 gene structure. The gRNA targeting the first diamonds indicate the auxin-responsive elements (blue letters). Double-headed
exonisindicated by ared triangle. The Crarf8*° mutant was generated and arrows indicate the regions subjected to ChIP-qPCR analysis. fand g, Chromatin
confirmed by PCR-Sequencing of al-bp (A) deletionin the first exon and the Immuno-Precipitation (ChIP) analysis of CrARF6:GFP (f) and CrARF8:GFP (g)
resultant protein was 18-aain length compared with 824-aain WT. The gRNA associated with the CrSTM promoter. Ind, fand g, values represent the mean of
and PAM sequences are shaded in yellow and green, respectively. ATG and TAG three biological replicates and error bars represent SD. **, p < 0.01; ***, p < 0.001
indicate start and stop codons, respectively. ¢, Fruit morphology of the WT and (Single-sided Student’s t-test). The scale bar in c represents 5 mm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Crstm** mutation or expression knocking-down
disrupts the fruit shape transition process. aand b, Inflorescence phenotype
ofthe WT (a) and Crstm* mutant (b). Please note that Crstm* mutation generates
pleiotropic defectsin theinflorescence, including premature termination of

the SAM (red arrow), fused pedicles (red asterisks) and altered phyllotaxis (red
triangles). cand d, SEM analysis of WT (c) and Crstm# (d) fruits from stages 12

to 14. e and f, SEM analysis of Mock (e) and DEX-treated (f) fruits from stage 12

to 14 in pLhGR»amiR-CrSTM plants. g, Shoulder index measurements of fruits

from DEX and Mock treated plants. h, qRT-PCR analysis of genes involved in the
cell cycle showing that these genes are significantly down-regulated upon DEX
treatmentin stage 13/14 fruits. Error barsin g represent SD of at least 15 individual
fruits and in hrepresent the SD of three biological replicates. Red trianglesin c
and eindicate the protrusions of the valve tips. Ing and h, values represent the
mean of three biological replicates and error bars represent SD. *, p < 0.05;

**, p<0.0L;** p <0.001 (Single-sided Student’s t-test). Scale bars,aand b, 3 mm;
ctof,500 pum.
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Extended Data Fig. 9| Gain-of-function mutation of the STM-binding site
in AtSTM promoter disrupts fruit development. a, Schematic showing the

insitu gain-of-function mutation of the STM-binding site in the AtSTM promoters.

The different base-pairs are shaded in red; the STM-binding site is underlined
with asolidline and the WT counterpart is underlined with adashed line. Please
note thatin the pAtSTM (mw):AtSTM:GFP construct, the native CTATCG sequence
is mutated into the CTGTCA STM-binding site, whereas the other promoter
sequences remain unchanged. The length of each gene is not to scale. b-d, SEM
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images of the stage 11 gynoecia from AtWT (b), pAtSTM:AtSTM:GFP (c) and

PAtSTM (mu):AtSTM:GFP (d) plants. e-g, Fruit morphology at stage 17 of AtWT (e),
PALSTM:AtSTM:GFP (f) and pAtSTM (mu):AtSTM:GFP (g) plants. h-j, SEM images
of the epidermal cells from the fruits of AtWT (h), pAtSTM:AtSTM:GFP (i) and
PAtSTM(mu):AtSTM:GFP (j), corresponding to the red dotted region shown in the
respective genotypeinetog. The arrows injindicate the cells are still ongoing
celldivision.Scalebars,btod,1mm;etog, 5 mm;htoj, 200 pm.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Expression analysis of cell cycle genes in the fruits of PALSTM:AtSTM:GFP and pAtSTM(mu):AtSTM:GFP plants. Note that the expression
STM-binding site gain-of-function mutationin Arabidopsis. a, Chromatin levels of AtCYCD3;2 (d) and AtCYCB2;:1 (h) are significantly up-regulated upon the
Immuno-Precipitation (ChIP) analysis of AtSTM:GFP associated with the AtSTM ectopic expression of AtSTM:GFPin the fruits of pAtSTM(mu):AtSTM:GFP plants
promoter (shownin double arrows in Extended Data Fig. 9a). b-h, qRT-PCR compared with those of pAtSTM:AtSTM:GFP plants. Values represent the mean

expression analysis of AtSTM:GFP (b), AtCDKBI;1(c), AtCYCD3;2 (d), AtCYCAL:1(e), ofthreebiological replicates and error bars represent SD. n.s., not significant;
AtCYCBI1(f), AtCYCBI,;2 (g) and AtCYCB2:1 (h) in the stage-13/14 fruits from AtWT,  * p<0.05;**,p <0.01;**, p < 0.001 (Single-sided Student’s t-test).
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Data collection  For live imaging data collection, we used the a Zeiss inverted laser confocal microscope (Zeiss LSM 980) with ZEN Microscopy Software. The
single cell RNA library was sequenced by Illumina sequencer NovaSeq 6000 plateform.

Data analysis Data integration, clustering and annotation
For aligning reads and generating gene-cell matrices, the raw dataset was processed with Cell Ranger 6.0.2 (10x Genomics) software with
default parameters. The nuclear genome (version v1.1), the mitochondria genome and associated GTF annotation files of Capsella rubella
were downloaded from Phytozome (https://phytozome-next.jgi.doe.gov/) and NCBI (https://www.ncbi.nlm.nih.gov/), respectively. These files
were subsequently combined by the “cellranger mkref” function to build the reference. Then, the gene-cell matrix was generated by the
“cellranger count” function. More than 90% reads in all the samples were mapped to the reference by executing the “cellranger count”
function. To test the repeatability between samples, the “cellranger aggr” function was used to merge matrices of two replicates. All the
detailed information of Cell Ranger is summarized in (Extended Data Table 3). One of two replicates (Mean Reads per Cell > 40000) from the
replicates was used for further analysis.
The resultant gene-cell matrix was then processed into Seurat (v.4.3.0) package for in-depth data analysis including quality control,
normalization, dimension reduction, clustering and annotation. For quality control, we applied the following criterions: (1) cells with unique
molecular identifiers (UMIs) number 2500 ~ 40000 were selected for analysis; (2) the percentage of mitochondrial UMIs was less than 5%; (3)
cells containing expressed genes less than 200 were filtered out; (4) genes that were expressed in fewer than 3 cells were removed; (5) the
genes with significant differential expression induced by the protoplasting process were excluded. To correct the variation caused by library
preparation efficiency or sequencing depth, we used the “NormalizeData” to normalize the matrices. Top 2000 Highly Variable Genes (HVGs)
were selected with the “FindVariableGenes” function by the vst method. For dimension reduction, the “RunPCA” function calculated 50
Principal Components (PCs) of HVGs and the top 20 PCs representing more than 85% accumulating contribution rate were selected for the
downstream analysis. We next used the “FindNeighbors” function on the top 20 PCs to compute the nearest neighbor networks, then used




the “FindClusters” function to cluster cells with “resolution = 0.7” argument based on Louvain method. The Uniform Manifold Approximation
and Projection (UMAP) method was used to visualize cell clusters. The cluster specific or preferential expressed genes were identified by the
“FindAllMarkers” function with “min.pct = 0.05, logfc.threshold = 0.5”. The “DotPlot” function and the “VInPlot” function were used to define
the enrichments of marker genes in the corresponding cell clusters. In the end, an additional R package “DoubletFinder” (v.2.0.2) was used to
identify and remove the predicted doublet droplet from the clusters. The “plotly” (v.4.10.1) package was used to generate a 3D UMAP scatter
graph.

Differentiation trajectories analysis

For reconstructing the developmental trajectory of the epidermal cells, epidermal cells (Stage-13, cluster 4, 11, 12; Stage-14, cluster 3, 12, 14)
were collected. To minimize the influence of stomata lineage on trajectory reconstruction, the cells expressing FAMA were removed. In order
to normalize mRNA difference between cells, the “estimateSizeFactors” function and the “estimateDispersions” function were applied.
Subsequently, monocle (v.2.18.0) package was used to infer the differentiation trajectory. A semi-supervised method was used to infer the
genes involved in the corresponding biology process. The core developmental steps were calculated by the differential expression genes from
the initial HVGs with “differentialGeneTest” function (screening criteria, qval < 0.01). We used the DDRTree algorithm with
“reduceDimension” function to reduce the dimensions. To align cells in the trajectory, the “orderCells” function was performed, the root was
established by the maximum expression of ATML1, FDH, DCR in trajectory. To visualize genes involved in cell cycle and cytokinesis (Extended
Data Table S4), we used the “plot genes in pseudotime” function. The number of cells expressing these genes and the expression value of
corresponding genes was calculated from counts and visualized using ggplot2 (v.3.4.2) package.

For live imaging and cell behaviour analysis, MorphoGraphX was used (reference 7 of the manuscript)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information. The single-cell sequencing data are available in NCBI
public repository under the code: PRINA1067523

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant
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Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Sample-size calculation was not performed. Sample size was considered sufficient according to statistical significance of the test obtained.
Typically three biological repeats were used for quantifying expression level and DNA binding, whereas 10 or more transgenic lines were
analysed in phenotypic assessment.
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Data exclusions  No data were excluded from the analyses.
Replication A number between 2 and 4 biological replicates were performed and all showed reproducible results.

Randomization  The plants used in this study were grown in controlled environment rooms in random positions. Analysed samples for e.g. ChIP-PCR or qPCR
were made of of tissue from different plants grown in random position.

Blinding Blinding was not considered useful for the nature of experiments done here and logistically impossible due to geographical distance between
participants. Instead we carried out biological repeats in both labs.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X| Antibodies XI|[] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants
Antibodies
Antibodies used anti-GFP antibody (Roche, no. 11814460001), concentration: 0.4 pg/ul.
Validation Commercially available. Hela cells WCL has been loaded on a 4-12% SDS-precast gel (1:30h; 180 V) then proteins have been

transferred on nitrocellulose membrane using the semi-dry blotting (1h 12V). Blocking with milk 5% in PBS 0,05% tween (45 minutes)
was followed by incubation overnight at room temperature with anti- GFP antibody (1:2000 in milk 5% in PBS 0,05% tween). Then
the membrane was washed with 3x 5 minutes with PBS 0,05% tween, followed by a 45 minutes incubation with Mouse secondary
antibody 1:3000 in milk 5% in PBS 0,05% tween. The secondary antibody was washed out with a second wash with PBS 0,05% tween
(3x 5 minutes). ECL substrate has been used to detect the signal.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents
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