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Abstract

Fruits that protect the seeds and aid their dispersal are a key feature distinguishing angiosperms from
other land plants, and fruit shape varies widely between species. However, it remains largely unknown
how local growth behaviors are coordinated during development to generate fruits with characteristic
sizes and shapes. Members of the Capsella genus in the mustard family produce unique fruits with an
evolutionarily derived heart shape, making it an exceptional system suited for addressing this question.
In this study, we demonstrate that the Capsella rubella C2H2-zinc finger transcription factor JAGGED
(CrJAG) controls fruit shape. Whole-mount live imaging analysis indicates that CrJAG regulates valve
development by promoting both cell division and anisotropic growth. Ectopic expansion of the valve
epidermal cells in Crjag mutants is accompanied by mis-patterned endoreduplication events. CrJAG
physically interacts with the histone chaperones Capsella rubella MULTICOPY SUPPRESSOR OF IRA1
members, increasing the chromatin accessibility and thereby sustaining the expression of genes
involved in fruit morphogenesis. The resulting closed chromatin state in Crjag fruits is characterized by a
reduction of the active histone marker (H3K18ac) and an increase of the repressive marker (H3K27me3).
Expression analyses and pharmacological treatments indicate that the developmental defects in Crjag
fruits are largely attributable to down-regulation of the key cell-cycle regulator CrAURZ2. Collectively, our
findings suggest that fine-tuning the cell cycle via epigenetic modification represents an additional,
essential layer of regulation critical to organ development.

Introduction

The evolutionary success of angiosperms is largely attributable to their ability to produce fruits'2. The

fruit is developed from the female reproductive organs, gynoecium, after pollination®. The fruits enclose,
nourish and protect the developing seeds from harsh environments, and upon maturation, they facilitate

seed dispersal and colonization of new habitats through diverse mechanisms2. Variations in fruit shape
are associated with specific dispersal strategies®. Accordingly, the developmental program underlying
fruit shape determination must be robustly regulated, as variations in this process would result in
adaptive penalties due to limited dispersal*®. Recently, the heart-shaped fruit of Capsella has been

established as a model for understanding the developmental genetics of fruit shape determination®. We
previously showed that development of the heart shape is promoted by localized auxin biosynthesis at

the apex of the valve tips®’. This auxin maximum in the apical region reshapes the ovate spheroid

gynoecium into a heart-shaped fruit through dynamic changes in cell growth and cell division®. However,
how cell growth and division are coordinated during the heart-shape fruit development remain largely
unknown.

Results and Discussion

The Crjag mutant produces deformed fruits with reduced cell divisions and cell growth
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To identify the genetic components controlling the development of heart-shaped fruits in Capsella, we
carried out a forward genetic screen of an EMS-induced Capsella rubella (Cr22.5) mutant population.
One mutant, EMST71796B, was identified based on its strong defects in fruit development with
compromised growth in the fruit valves (Fig. 1a, b; Ref. 9). Bulked segregation analysis (BSA) revealed
that the causal gene of the EMS77968B encodes a C2H2 zinc finger transcription factor
(Carub.0002s1499), which is orthologous to the Arabidopsis JAGGED (JAG) gene®~"1. We henceforth
refer to the EMS1796B as Capsella rubella JAGGED (CrJAG) in the following sections.

Development of the heart-shaped fruit in Wild type Capsella (CrWT ) starts from an ovate spheroid
gynoecium soon after pollination at stage 12 (Extended Data Fig. 1a). From stage 13 onwards, reshaping
of fruit growth initiates from the apical parts of the valves and gradually leads to the formation of the
heart shape by stage 14 (Extended Data Fig. 1a and Ref. 6). In the Crjag mutant, however, this fruit
reshaping process is abolished because valve outgrowth is significantly compromised, resulting in a fruit
with an inverted triangular shape at stage 14 (Extended Data Fig. 1b). To uncover the cellular basis of the
Crjag phenotype, we performed a large-scale comparative live-imaging analysis between CrWT and Crjag
fruits from developmental stage 12 (fertilization) to stage 14, when the most significant defects of the
Crjag mutant are observed (Extended Data Fig. 1a, b). Cell growth parameters, including growth rate (cell
area expansion), cell proliferation, and anisotropy (direction of cell expansion), were visualized using
lineage-tracking maps (Fig. 1c, d). For each genotype, we conducted two biological replicates (see
Methods). Analysis of the cell size heatmaps demonstrated a consistent distribution pattern between
replicates (Fig. 1c, d and Supplementary Fig. 1). Fruit morphogenesis in CrWT is characterized by the
acropetal differentiation of epidermal cells in the valves in which cell expansion initiated from the base
at stage 13 (Fig. 1c). At stage 14, large cells are predominantly found at the base while smaller cells are
distributed at the tip (Fig. 1c and Extended Data Fig. 1c and Ref. 8). In Crjag fruits, however, cell size
increase occurs as early as stage 12 and ectopic large cells are observed in the apical and middle parts
of the valves at stage 14 (Fig. 1d and Extended Data Fig. 1d). These data suggest that valve
differentiation process is accelerated in Crjag fruits. During organ morphogenesis, cell growth
contributes substantially to organ size once cells exit mitosis'2. Analysis of areal growth rates reveals a
pronounced acceleration of growth in CrWT valves from stage 13 to 14, consistent with the rapid
increase in fruit size during this period (Fig. 1e, f). In contrast, Crjag valves exhibit the opposite trend:
growth rate is higher at stage 13 and decreases at stage 14 (Fig. 1e, f). Comparative mapping and
quantification of cell proliferation rates reveal a substantial reduction in cell division events
(approximately 20-fold reduction in Crjag compared with CrWT) in the valve epidermis (Fig. 1g, h and
Extended Data Fig. 1e). In addition to cell growth and division, a region of high anisotropic cell growth at
the apical part of the fruit near the replum is critical for pushing the upper part of the valve outward to
create the heart shape (Fig. 1i, j). This pattern of anisotropic growth is completely lost in the upper part
of Crjag fruits, with only residual anisotropic growth detected in the lower part of stage-13 Crjag fruits
(Fig. 1i,j). In summary, this comparative organ-wide cellular analysis suggests that CrJAG controls fruit
shape determination by coordinating the differentiation process in the valves.
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Ectopic cell expansion coincides with increases in endoreduplication in the Crjag fruits

In eukaryotic cells, the enlargement of cell volume is often associated with endoreduplication, a process
in which chromosomal DNA is duplicated without undergoing mitosis'3. In plant organs, cell size is
strongly correlated with DNA ploidy levels'*'>. In Crjag fruits, valve epidermal cells are ectopically
expanded throughout the valves compared with WT (Fig. 1c, d; mostly evident in stage-14 fruits). To
assess the contribution of endoreduplication to cell size changes and fruit shape development, we
performed comparative flow cytometry of nuclei from CrWT and Crjag valves of stage-17 fruits.
Compared to CrWT fruits, where most nuclei had a 2C DNA content, Crjag fruits exhibited a striking
increase in the population of 4C and 8C nuclei (Extended Data Fig. 2a, b). Moreover, quantification of the
average number of endocycles per nucleus using the Endoreduplication Index (El, Ref. 16) revealed a
significant increase in El in Crjag compared with CrWT (Extended Data Fig. 2c). Altogether, these data
indicate that the ectopic expansion of epidermal cells in the Crjag valves is accompanied by increase in
endoreduplication events.

Genetic validation of CrJAG

The mutation responsible for the Crjag phenotype disrupts the donor site of the third intron that
integrates this 244-bp intron with the fourth exon (Fig. 2a; Ref.9). The resulting frameshift introduces a
premature stop codon within the intron sequence, producing a truncated 115 amino acid (aa) protein
instead of the 252-aa WT CrJAG protein (Fig. 2a). To confirm the role of CrJAG in fruit shape
development, we generated an independent mutant allele of Carub.0002s1499 (Crjag%, “ge” indicating
“genome editing”) using the CRISPR/Cas9 system (Fig. 2a and Supplementary Fig. 2a). A single base-
pair insertion in the second exon caused a frameshift that generated a 40-aa peptide (Fig. 2a and
Supplementary Fig. 2a). The fruits of the Crjag9¢ mutant perfectly phenocopied the Crjag fruit phenotype,
and F, plants from a cross between Crjag and Crjag9® showed no genetic complementation (Fig. 2b).

Moreover, a GFP-tagged CrJAG protein driven by the native CrJAG promoter (pCrJAG:CrJAG:GFP)
effectively complements the Crjag fruits defects (Fig. 2b and Supplementary Fig. 2b). Collectively, these
results provide compelling genetic evidence that the developmental defects observed in Crjag are
caused by a loss-of-function mutation in Carub.0002s1499, which encodes a C2H2 transcription factor
orthologous to Arabidopsis JAG.

CrJAG is dynamically expressed during fruit development

To explore the expression pattern of the CrJAG gene during fruit development, we generated a
pCrJAG:GUS reporter line by fusing a 4.5 kb promoter fragment to the B-glucuronidase (GUS) reporter
gene. In agreement with the strong developmental defects in Crjag fruits, GUS expression was
specifically localized to the lateral apical region of the ovary and to the valves during gynoecium
patterning and fruit development (Fig. 2c). Its expression in the ovary was initially detected at stage 8
and subsequently became stronger, reaching a maximum in the lateral valve regions at stages 12 and 13
(Fig. 2c). After stage 14, when the heart shape is established, expression decreased gradually (Fig. 2c).
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In addition, strong CrJAG expression was also detected in the valve margins from stage 12 to 14

(Fig. 2¢). Notably, the continuous and dynamic expression of CrJAG in Capsella valves contrasts with the
expression of JAG in Arabidopsis gynoecium, where JAG displays transient valve-specific expression
before stage 9, after which expression becomes restricted to the valve margins'’. This divergence in
expression patterns may reflect promoter differences between these orthologous genes, as seen for
INDEHISCENT®. Indeed, the Arabidopsis jag mutant produces fruits similar to WT without obvious
morphological alterations except that apical region of the fruit valves is slightly downturned (Extended
Data Fig. 3a, b; Ref.10).

CrJAG interacts with histone chaperones to regulate fruit
development

To identify proteins that interact with CrJAG in fruit shape determination, we resorted to two independent
approaches, i.e. immunoprecipitation followed by mass spectrometry (IP-MS) with a GFP antibody
against CrJAG:GFP fusion proteins from Crjag,pCrJAG:CrJAG:GFP complemented fruits, and yeast two-
hybrid (Y2H) library screening using CrJAG-BD as a bait on the library prepared from stage-10 to stage-
13 fruits, when CrJAG are highly expressed (see Methods). Because the full-length CrJAG-BD exhibited
strong auto-activation activity in the Y2H system, we performed a systematic truncation analysis to
exclude the region responsible for auto-activation and used it for the library screening (Supplementary
Fig. 3). An overlap analysis of the proteins identified from these two independent approaches yielded a
list of four high-confidence candidate interactors (Fig. 3a, b and Supplementary Data 1). Among these,
the histone chaperone MULTICOPY SUPPRESSOR OF IRA1 3 (CrMSI3) was of particular interest, as its

homologs have prominent roles in plant development'’~1°. The other three candidates are orthologous
to Arabidopsis LWD2 (LIGHT-REGULATED WD?2), ISIT (IMPAIRED SUCROSE INDUCTIONT), and a
tetratricopeptide repeat (TPR)-containing protein, which have been implicated in light responses and
physiological processes?0~22

study.

, respectively. These candidates were excluded for further analysis in this

MSI proteins belong to a family of WD40 histone chaperones conserved in yeast, mammals, and
plants?3. The Capsella genome encodes five closely related homologs, CrMSI1 to CrMSI5 (Fig. 3c). While
no interaction and only weak interaction were detected with CrMSI5 and CrMSI1, respectively (Fig. 3d),
CrJAG exhibits strong interaction with CrMSI2, CrMSI3, and CrMSI4 in the Y2H assays (Fig. 3d). These
interactions were further substantiated in vivo by BiFC and ColP experiments (Fig. 3e, f and
Supplementary Fig. 4). Consistent with these interactions, CrJAG, CrMSI2, CrMSI3, and CrMSI4 were co-
localized in the nucleus when transiently expressed in protoplasts (Extended Data Fig. 4). Furthermore,
promoter reporter analysis revealed that pCrMSI2:GUS and pCrMSI3:GUS showed strong expression in
developing valves, overlapping with the CrJAG expression domain, whereas CrMSI4 promoter activity is
weakly detected in the valves (Fig. 4a-c). To test whether CrMSI2 and CrMSI3 are required for Capsella
fruit shape determination, we generated knock-out mutants by CRISPR/Cas9 (Supplementary Fig. 5).
Unexpectedly, neither single loss-of-function mutants in Crmsi2, Crmsi3, nor the Crmsi2,Crmsi3 double
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mutant shows any detectable fruit defects (Fig. 4d). Homozygous high-order Crmsi mutants could not be
recovered, suggesting that further loss of CrMS/ function may have led to embryo lethal?®?4. Given the
weak but detectable expression of CrMS/4 in fruits, it may function redundantly with CrMSI2 and CrMSI3
proteins in regulating fruit shape development.

MSI proteins are histone chaperones without DNA binding domains, their target specificity is determined
by the transcription factors they interact with?3~2°. To further unveil the functional importance of the
CrJAG-CrMSI2/3 protein complex in fruit development, we fused the DNA-binding domain (DBD) of
CrJAG to either CrMSI2 or CrMSI3 with the idea that amino acid sequence outside the DNA-binding
domain of CrJAG may function primarily to recruit MSI1-like proteins. We examined their ability to
complement the Crjag fruit defects (Fig. 4e). Whereas the control construct (pCrJAG:DBD:GFP) failed to
complement the fruit defects, either pCrJAG:DBD-CrMSI2:GFP or pCrJAG:DBD-CrMSI3:GFP construct
effectively rescued the Crjag fruit defects (Fig. 4f). In summary, these expression and genetic analyses
suggest that CrJAG plays a crucial role in fruit development by directly interacting with MSI1-like proteins
in Capsella.

The Crjag phenotype is attributed to the down-regulation of its target genes

To dissect the molecular mechanism underlying CrJAG-regulated fruit development in Capsella, we first
performed a comparative transcriptomic analysis of stage-13 fruits (when shape changes begin)
between CrWT and Crjag (Extended Data Fig. 1a, b). This analysis identified 3,574 differentially
expressed genes (DEGs, |logFC|>1, FDR < 0.05), of which 1,913 were up-regulated and 1,661 were down-
regulated (Extended Data Fig. 5a, b). Next, we performed a CUT&Tag experiment using a GFP antibody
against CrJAG:GFP from Crjag,pCrJAG:CrJAG:GFP stage-13 fruits. This experiment identified 18,054
CrJAG:GFP binding peaks associated with 7,445 genes (see Methods). Integration of the RNA-seq and
CUT&Tag datasets revealed 454 up-regulated DEGs and 373 down-regulated DEGs as CrJAG targeted
genes (Extended Data Fig. 5a, b and Supplementary Data 2). Gene Ontology (GO) enrichment analysis of
the 373 down-regulated direct targets revealed significant enrichment of genes in GO terms related to
the cellular developmental process (GO: 0048869), cell cycle (G0:0007049), and microtubule-based
process (GO: 0007017) (Extended Data Fig. 5d). In contrast, the 454 up-regulated direct targets were
enriched for response to stimulus (GO: 0050896) and transmembrane transport (GO: 0055085)
(Extended Data Fig. 5c). These results corroborate the live-imaging data and suggest that the Crjag fruit
defects are primarily due to the down-regulation of genes involved in cell cycle and differentiation,
whereas the up-regulated genes appear to appear to have minimal phenotypic contribution.

The CrJAG-CrMSI2/3 complex governs fruit shape determination by sustaining the expression of
CrAUR2

MSI1-like proteins bind to histones and recruit protein complexes that regulate chromatin accessibility,

thereby modulating gene expression'®242%_ To pinpoint the target genes of the CrJAG—-CrMSI2/3
complex in fruit shape determination, we performed comparative Assay for Transposase-Accessible
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Chromatin with sequencing (ATAC-seq) on stage 12-14 fruits from CrWT and Crjag. We focused on
chromatin regions that were closed in Crjag compared with WT and integrated these data with the 373
directly down-regulated genes (Supplementary Data 2). This analysis revealed that 138 of the 373 down-
regulated direct targets were associated with loss of chromatin accessibility in the Crjag fruits (Fig. 5a, b
and Supplementary Data 2). GO analysis of the 138 target genes identified genes related to the cell cycle
(G0:0007049) that are significantly enriched (Extended Data Fig. 6a).

Among the 10 genes associated with cell cycle (Extended Data Fig. 6b), CrAURORAZ (CrAUR2) caught
our attention, as mutations in AUR orthologs in Arabidopsis result in defects in cell divisions,
endoreduplication and deformed organs?®. Using GUS reporter lines, we observed strong pCrARU2:GUS
expression in developing valves, consistent with a role in valve morphogenesis (Extended Data Fig. 7).
Strikingly, this valve expression is almost abolished in Crjag fruits (Extended Data Fig. 7), indicating that
CrJAG is required for the transcriptional maintenance of CrARUZ in valves. Indeed, chromatin
immunoprecipitation (ChIP) analysis further confirmed that CrJAG, CrMSI2 and CrMSI3 are co-
associated with the identical regulatory regions within the CrAURZ locus (Fig. 5e). Moreover, the DNA
binding of CrMSI2 and CrMSI3 is dependent on CrJAG, as their ChIP enrichment is abolished in a Crjag
mutant (Fig. 5e). These data indicate that CrJAG is essential for recruiting CrMSI proteins to the CrAUR2
locus, thereby sustaining its expression. In agreement, expression of CrAUR2 was perfectly restored in
pCrJAG:DBD-CrMSI2:GFP and pCrJAG:DBD-CrMSI3:GFP fruits, but not in pCrJAG:DBD:GFP fruits
(Fig. 5f).

AUR kinase activity can be selectively blocked by ATP-competitive inhibitor, Aurora Kinase Inhibitor 127
In agreement, Aurora Kinase Inhibitor Il treatment on WT stage-12 fruits predominantly suppressed
heart-shaped fruit development (Extended Data Fig. 8a). Subsequent flow cytometric analysis indicates
that the effect of Aurora Kinase Inhibitor Il on fruit shape determination is associated with a significant
increase in 4C nuclei and El in the valve tissues and a decrease in 2C nuclei, in a pattern similar to that
observed in the Crjag valves (Compare Extended Data Fig. 8b-d with Extended Data Fig. 2a-c). In
contrast, Crjag mutant fruits failed to respond to Aurora Kinase Inhibitor Il treatment (Extended Data
Fig. 8e-h), implying that Aurora Kinase activity is severely compromised in the mutant. Notably, the
strong phenotypic effect of Aurora Kinase Inhibitor Il on CrWT fruit shape development appears
inconsistent with the limited cell division activity observed in the epidermis by live imaging analysis
(Fig. 1g, h). This discrepancy suggests that the key cell divisions driving heart-shaped fruit development
may occur either prior to stage 12 or within the subepidermal layers, which were not accessible in time-
lapse live-imaging experiment. Collectively, these expression and pharmaceutical results provide strong
evidence that CrJAG-CrMSI complexes exert their function by directly regulating cell-cycle related genes,
such as CrAUR2, in determining fruit shape.

In Arabidopsis, JAG directly represses the expression of the cell cycle inhibitors KIP RELATED PROTEIN 4

(KRP4) and KRP2, thereby promoting the growth of the distal region of petals?®. However, these genes
were not identified in our analysis, indicating that CrJAG may regulates its target genes in an organ
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specific manner and further suggest a conserved role of JAG in plant organ development by regulating
divergent components involved in the cell cycle machinery.

Changes in chromatin accessibility on CrJAG target genes are correlated with alterations in H3K18ac
and H3K27me3 levels

In the nucleus, open chromatin increases genome accessibility to transcription factors and the
transcription machinery, thereby activating transcription, whereas closed chromatin represses
transcription by limiting access?°. During development, chromatin accessibility and gene expression are
dynamically regulated by covalent histone modifications3%3". In Arabidopsis, MSI family proteins interact
with HISTONE DEACETYLASE19 (HDA19) in a histone deacetylase complex and with CUL4-DDBT1 in the
Polycomb repressive complex 2 (PRC2), thereby dynamically modifying histone marks and regulating
gene expression’ 32735 We next investigated whether the impact of the CrJAG-CrMSI2/3 complex on
chromatin accessibility and target genes’ expression is linked to alterations in histone modification
patterns. To test this, we performed comparative CUT&Tag profiling of eight histone marks in a fruit
sample between WT and Crjag, including the repressive mark H3K27me3 and seven active marks
(H3K4me1, H3K4me3, H3K9ac, H3K14ac, H3K18ac, H3K23ac, and H3K27ac) 0. In agreement with the
reduced gene expression in the Crjag fruits, changes in chromatin accessibility are predominantly found
in the regulatory regions of the 138 direct target genes (Fig. 5b). Among the eight histone modifications
profiled, six (H3K4me1, H3K4me3, H3K9ac, H3K14ac, H3K23ac, and H3K27ac) showed no consistent
change in the Crjag mutant compared to CrWT across the 138 target genes (Fig. 5¢ and Supplementary
Data 3). In contrast, H3K18ac and H3K27me3 exhibited a pronounced, reciprocal pattern of enrichment
(reduced enrichment of H3K18ac, increased enrichment of H3K27me3) that was significantly altered in
Crjag (Fig. 5¢c and Supplementary Data 3). This shift in the epigenetic landscape is particularly evident
around the proximal promoter region, where it coincides with altered chromatin accessibility (Fig. 5b, d
and Supplementary Fig. 6). Notably, this coordinated change in histone modification and accessibility is
observed in 3 (including CrAUR2) of the 10 genes involved in cell-cycle regulation (Fig. 5d;
Supplementary Fig. 6; Supplementary Data 3). Thus, the shutdown of chromatin accessibility and gene
expression in these target genes can be largely explained by reciprocal changes in covalent modification
levels of H3K18ac and H3K27me3. However, how H3K18ac and H3K27me3 are modified on the target
genes by the CrJAG-CrMSI2/3 complex is an intriguing question that warrants investigation in future
studies.

Concluding remarks

In this study, we dissected the mechanism by which the C2H2 zinc finger transcription factor CrJAG

regulates fruit morphogenesis through coordinated cell division and expansion. During heart-shaped fruit

development, CrJAG recruits histone chaperones CrMSI2/3 to sustain the expression of target genes

associated with cell-cycle and differentiation process, such as CrAURZ, to promote fruit morphogenesis

(Fig. 6). The CrJAG-CrMSI2/3 complex modulates chromatin accessibility, likely by altering the

deposition of H3K18ac and H3K27me3 histone markers, to facilitate their proper expression of the target
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genes during fruit shape development (Fig. 6). While rewiring of developmental genes in new regulatory
networks is known to be a primary mechanism for organ development, our work demonstrates that
direct epigenetic modulation by a core developmental regulator represents an essential, additional layer
of regulation for precise organ morphogenesis.
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Materials and Methods

Plant materials, transformation and growth conditions

All Capsella materials used in the study were in the Cr22.5 ecotype background. The Arabidopsis
materials are in Col-0 ecotype. Seeds were sterilized and germinated following the described protocol3®.
The 10-day-old seedlings were transplanted into soil in the controlled environment room (CER) at 22°C
under long day conditions (16 h light / 8 h dark). The tobacco (Nicotiana benthamiana) plants used in
this study were grown at 22°C under long day (16 h light / 8 h dark) conditions. 3-week-old seedlings
were used for agroinfiltration.

Scanning electron microscopy (SEM) and phenotypic analysis

For SEM analysis, inflorescence samples were rapidly fixed with formalin-acetic acid-alcohol (FAA) for 48
hours at room temperature. Gynoecia or fruits at different developmental stages were dissected from
the inflorescence under a microscope in 70% alcohol. Dehydration was performed with a series of
graded ethanols (80%, 85%, 90%, 95%, 100%, each for 30 min) followed by critical point drying with CO,.
The samples were subsequently sputter-coated with gold and analysed on an S-4800 FESEM system
(Hitachi, Japan). For whole-mount fruit images, stage-17 fruits of each genotype were collected and
photographed using a Nikon D850 camera with a 105 mm prime lens.

Live-cell imaging and cell behavior analysis

To conduct live-cell imaging analysis, the pUBQ170:acyl-YFP reporter was introgressed into the Crjag
background by crossing. The plants were cultivated on soil in the CER to the bolting stage. For both
CrWT and Crjag, the stage-12 fruits were dissected and imaged, capturing YFP signals at 24-hour
intervals using a Zeiss inverted laser confocal microscope (Zeiss LSM 980) equipped with a water
immersion objective (x25/0.95). Confocal images were acquired at a resolution of 1024x1024, with 0.5
um in the Z-stacks. Between each time point, the samples were grown 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 hours light/8 hours dark) to allow development. The images were stitched and
analyzed using MorphoGraphX software 3/. Heatmaps showing the differences between two
consecutive time points were generated, with the heatmap being shown on the fruit stage at the later
time point. To quantify growth anisotropy, cell area ratio and proliferation, the fluorescence was
projected into a mesh, cell outlines were segmented, and relationships between cells were tracked
across successive time points. For each genotype, two biological replicates were conducted, and
representative growth or proliferation maps were obtained from a single experiment. To quantify cell
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division events, parameters were extracted using MorphoGraphX software and the Wilcoxon test was
used to test significance.

Plasmid construction and plant transformation

To generate the promoter-GUS reporter plasmids, the promoter regions of CrJAG (-4549 bp upstream of
ATG), CrMSI2 (-560 bp), CrMSI3 (-1043 bp), CrMSI4 (-4267 bp), CrAURZ2 (-1354 bp)® were isolated using
PrimeSTAR GXL DNA Polymerase (R0O50A, Takara) from genomic DNA. The DNA fragments were gel-
purified and then inserted upstream of the GUS gene in the pCambia1301 vector. To generate the
pCrJAG:CrJAG.GFP complementary plasmid, the promoter and coding sequences of CrJAG were
recombined by PCR, and then the PCR products were purified and fused in-frame with the GFP sequence
in the pCambia1302 backbone. To construct the chimeric complementary plasmids, the DNA-binding
domain of CrJAG (DBD, 117 bp, plus start codon, 40 aa) was amplified from pCrJAG:CrJAG.GFP
plasmids, then recombined with the coding sequences of CrMSI2 or CrMSI3 by PCR. The PCR products
were gel-purified and inserted into the pCambia1302 backbone. To construct the CaMV 35S
overexpression plasmids for subcellular localization, the coding sequence of the genes were amplified
and inserted in-frame with GFP, driven by the 35S promoter, in the pCambia1302 vector. To generate the
CRISPR/Cas9 gene editing plasmids, the gRNAs targeting the first or second exon of the target genes
were designed using the CRISPR-P 2.0 software38. The gRNA sequences were synthesized and then

integrated into the binary vector by the Golden Gate system as previously described®. All vectors were
verified by sequencing and introduced into Agrobacterium tumefaciens strain GV3101. Details of the
primers are listed in Supplementary Table S1.

The transformation of Capsella followed the floral dipping method described3®. Positive transformants
were selected using 40 mg/L Hygromycin on MS medium. For each construct, at least 10 independent
transgenic lines were produced for further analysis.

Gene expression and GUS staining

For gene expression analysis, stage-13 fruits were collected and frozen immediately in liquid nitrogen,
then stored at -80°C before RNA isolation. Total RNA was isolated with the SV Total RNA Isolation
System (Z3100, Promega) according to the manufacturer’s instructions. The RNAs were subsequently
subjected to library construction and RNA-seq analysis.

The GUS histochemical analysis was performed following the described protocol ©. For confocal
microscopy, fruit samples were dissected under a microscope, and GFP signals were imaged using a
laser scanning confocal microscope (Zeiss LSM 980) with excitation and emission wavelengths of 488
nm and 509 nm, respectively.

Yeast-two hybrid library construction and protein-protein interaction analysis
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To construct the yeast-two-hybrid library for CrJAG interactor screening, fruits from stage-10 to stage-13
were collected and frozen immediately in liquid nitrogen for RNA isolation. Total RNA was isolated, and
mRNA was purified using the Oligotex mRNA Midi Kit (70042, Thermo Fisher) according to the
manufacturer’s instructions. cDNAs were subsequently synthesized using the Revert Aid First Strand
cDNA Synthesis Kit. A high-quality cDNA library was constructed using the CloneMiner Il cDNA Library
Construction Kit (A11180, Thermo Fisher). The cDNAs were ligated with a three-frame attB1 adapter by
T4 ligase and then purified using the cDNA size fractionation columns. The purified cDNAs were inserted
into the pDONR222 vector using BP Clonase (11789020, Thermo Fisher) and recombined into the
pGADT7-DEST vector using LR Clonase (11791020, Thermo Fisher) to generate the yeast-two-hybrid
cDNA library.

To avoid the autoactivating activity of CrJAG, a series of truncated versions of CrJAG were amplified
from the pCrJAG.CrJAG:GFP plasmid and then inserted into pGBK-T7 (Clontech) to generate the bait
plasmids. The respective plasmids were verified by sequencing and then transformed into the yeast
strain Y2H gold with pGAD-T7 (Clontech). Positive transformants were selected on synthetic dropout
(SD) medium without tryptophan and leucine (-WL). The autoactivating activity was tested by serial
dilutions on SD medium without tryptophan, leucine, histidine, and adenine (-WLHA) according to the
manufacturer’s protocols. The yeast-two hybrid library screening was performed according to the
manufacturer’s instructions (630439, Clontech)

For verifying the CrJAG-CrMSils interactions, the coding sequences of CrMSI1, CrMSI2, CrMSI3, CrMSi4,
and CrMSI5 were amplified from the Capsella inflorescences cDNAs and then inserted into pGAD-T7 to
generate prey plasmids. The interaction was tested as described above.

For the Biomolecular Fluorescence Complementation (BiFC) experiment, the full-length CDS without stop
codon of CrJAG and CrMSI2, CrMSI3, and CrMSI4 were amplified and inserted into pBI-cYFP and pBI-
nYFP backbones, respectively. The constructs were verified by sequencing and then transformed into the
Agrobacterium strain GV3101. Agrobacteria were inoculated in YEB medium overnight to OD600 of 1.0-
1.2 and then resuspended with infiltration buffer (50 mM MES, pH 5.6, 0.5% glucose, 2 mM NaPO,, and
15 mg/L acetosyringone) to 0D600 of 0.4-0.5. A mixed Agrobacterium suspension containing nYFP and
cYFP plasmids at a 1:1 ratio was infiltrated into 3-week-old Nicotiana benthamiana leaves. The plants
were incubated under weak light for 36 hours before signal checking. Protein interaction was judged by
the presence of YFP signal in the nucleus using a laser scanning confocal microscope (Zeiss LSM 980)
with excitation at 488 nm and emission at 509 nm, respectively.

For the Co-IP experiment, the full-length coding sequences without stop codon of CrJAG, CrMSI2,
CrMSI3 and CrMSI4 were inserted into pCambial1300-cHA or pCambia1300-cFLAG backbones,
respectively. The positive plasmids were verified by sequencing and then transformed into the
Agrobacterium strain GV3101. They were co-infiltrated into Nicotiana benthamiana leaves as described
above. The infiltrated leaves were collected 36 h after infiltration and ground into fine powder in liquid
nitrogen. About 0.5 g sample was used for total protein isolation with 1 mL protein extraction buffer [50
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mM Tris-HCI (pH = 7.5), 150 mM NaCl, T mM EDTA, 2 mM NaF, 2 mM NazV0O,, 0.5% NP-40, T mM PMSF, 1
mM DTT and 1xProtease Inhibitor Cocktail]. 100 pL total protein mixture was kept as input and the
remaining mixture was subjected to immunoprecipitation using DYKDDDDK (FLAG)-Nanoab-Magnetic
beads (FNM-25-1000, Lablead) for 1 h at 4°C. The beads were then washed four times with buffer
containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, and 1 mM DTT. The input
and IP samples were boiled for 10 mins in SDS loading buffer, and the eluates were analyzed by
immunoblotting with anti-HA (MBL, Japan, 1:10000) or anti-FLAG (MBL, Japan, 1:10000) antibody.

Immunoprecipitation-Mass Spectrometry (IP-MS) analysis

About 3 g of fruits containing stage 10-13 from Crjag; pCrJAG:CrJAG:GFP and wild type were collected
and crosslinked with 1% formaldehyde in PBS buffer (150 mM NacCl, 10 mM Na,HPO,, 2 mM KH,P04,
2.7 mM KClI, pH 7.4). The fruits samples were ground into fine powder in liquid nitrogen, and nuclei were
isolated with Honda buffer [0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40, 20 mM HEPES (KOH, pH
7.4),0.5% Triton X-100, 10 mM MgCl, and 1xProtease Inhibitor Cocktail]. The nuclei were then

resuspended in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM DTT, and 1x
Protease Inhibitor Cocktail) and sonicated for 24 cycles with 30 seconds on and 30 seconds off. The
DNA was digested with Benzonase (E1014-25KU, Millipore) for 1 h at 4°C by gentle rotation. The protein
extracts were then subjected to immunoprecipitation using Pierce Protein A/G Magnetic Beads (88847,
Thermo Fisher), incubated with monoclonal anti-GFP antibody (ab290, abcam) at 4°C for 4 h. After
immunoprecipitation, the beads were washed twice with PBS buffer plus 0.5% NP-40, and once with PBS
buffer and water, respectively. The beads were digested with 2 pg of trypsin and in 50 mM NH,HCO4
solution overnight at 37°C. The peptides were purified with C18 stage tip and then processed for mass
spectrometry on an Orbitrap Exploris 480 machine (Thermo Fisher).

Cleavage under targets & tagmentation (CUT&Tag) experiment

The CUT&Tag experiment was performed following described methods with minor modifications®®.

Briefly, stage-10 to stage-13 fruits collected from either CrWT, Crjag or Crjag,pCrJAG:CrJAG.GFP rescue
lines were chopped with a razor blade in HBM buffer (25 mM Tris-HCI pH 7.6, 0.44 M sucrose, 10 mM
MgCl,, 0.1% Triton-X-100, 0.2 M spermidine, 1x Protease Inhibitor Cocktail, T mM PMSF, 10 mM -
Mercaptoethanol). The nuclei suspension was filtered with a 40 um cell strainer. The extracted nuclei
were washed twice with HBB buffer (25 mM Tris-HCI pH 7.6, 0.44 M sucrose, 10 mM MgCl,, 0.1% Triton-
X-100, 10 mM B-Mercaptoethanol) and then incubated in 50 pL primary antibody buffer [2 mL wash
buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 0.5 mM spermidine and 1x Cocktail inhibitor) supplemented
with 8 yL 0.5 M EDTA and 6.7 pL 30% BSA] at 4°C overnight. 1 pL of primary antibody (1:50, anti-GFP,
ab290, abcam; anti-H3K18ac, 07-354, Millipore; anti-H3K27me3, 07-449, Millipore) was used for each
sample. The primary antibody was removed after centrifugation at 1200 g for 2 min. Subsequently, the
nuclei were incubated with secondary antibody [1:100, Guinea pig anti-rabbit IgG (Heavy & Light Chain)
antibody, ABIN101961, Easybio] in 50 uL wash buffer at 4°C for 2 h. The nuclei were resuspended with
100 pL CT-300 buffer (20 mM HEPES pH 7.5, 450 mM NacCl, 0.5 mM spermidine and 1xProtease Inhibitor
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Cocktail) supplied with pA-Tn5 (1:150) and incubated at 4°C for 3 h. After incubation, the nuclei were
washed twice with 600 puL CT-300 buffer, followed by incubation at 37°C for 1 h with 300 pL tagmentation
buffer (1 mL CT-300 buffer plus 10 uL 1 M MgCl,). To stop the tagmentation reaction, 10 yL 0.5 M EDTA,
3 uL 10% SDS and 2.5 pL 20 mg/mL Protinease K were added r and incubated at 50°C for 1 h. The DNA
was extracted with phenol: chloroform: isoamyl alcohol (25:24:1), precipitated with ethanol, and then
dissolved in ddH,0.

RNA-seq, ATAC-seq, and CUT&Tag-seq data analysis

For RNA-sequencing analysis, total RNA was extracted from stage-13 fruits of the respective genotypes.
The libraries were constructed using the MGIEasy RNA Library Prep Kit and then sequenced on the
DNBSEQ-T7 platform to generate 150 bp paired-end reads. Low-quality reads and adapter sequences
were trimmed to generate clean reads using fastp (version 0.24.0)*°. The sequences were then mapped

and annotated using the Capsella rubellav1.1 genome sequence*’ with STAR (version 2.7.11b)*2. Gene
expression levels were calculated as fragments per kilobase of transcript per million fragments (FPKM)
using an R script. Differentially Expressed Genes (DEGs) were identified as those with a fold change = 2
and a False Detection Rate (FDR) < 0.05 using the R package DESeq2 (version 1.42.1)*3. GO enrichment
analysis of Biological Process (BP) on the DEGs was performed using the R packages enrichplot (version
1.22.0) and clusterProfiler (version 4.10.1)**. Boxplots were drawn using the R package ggplot2 (version

3.5.2)*. For the RNA-seq experiment, at least three independent biological replicates were conducted
for each genotype.

The ATAC-seq experiment was performed following the protocol previously described®. Briefly, ~ 0.5 g of
stage-12 to stage-14 Crjag fruits were harvested and ground into fine powder in liquid nitrogen.
Approximately 50,000 nuclei were collected for DNA library construction. The library was sequenced on
the Illumina Novaseq 6000 platform to generate 150 bp paired-end reads. The raw reads were filtered
(reads shorter than 35 bp and bases with a quality value less than Q10) using fastp (version 0.24.0)*° to
generate clean FASTQ files. The sequences were then mapped back to the Capsella rubellav1.1
genome*! using Bowtie2 (version 2.5.4)%°. Duplicate reads were removed by sambamba (version
1.0.1)* and bedtools (version 2.31.1)*8. Peaks were called using MACS2 (version 2.1.4)*° with a
screening criterion of FDR < 0.05. The CrWT stage 12-14 fruit ATAC data were published previously®.
Differentially enriched peaks between CrWT and Crjag were identified using the R package DiffBind
(version 3.12.0). Significant closed chromatin accessibility in Crjag was defined as fold change < 0.8 and
FDR < 0.05. DeepTools (version 3.5.6)°C was used to map the density distribution of sequencing reads in
the upstream and downstream regions of the Transcription Start Site (TSS) and the Transcription End
Sits (TES) of each gene. The profile plot was generated using the plotProfile function. For visualization,
datasets were converted to bigwig format using bamCoverage in DeepTools (version 3.5.6) with a bin
size of 1 bp and normalized by the RPKM method, then visualized using Integrative Genomics Viewer

)52

(IGV, version 2.4.14)>'. Gene annotation was performed by ChlPseeker (version 1.38.0)°2 using a 2 kb
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promoter-proximal window. The ATAC-seq experiments were performed with two independent biological
replicates.

For CUT&Tag-seq data analysis, the library was constructed by amplifying 10—12 cycles using Q5 High-
Fidelity DNA Polymerase (M0491S, NEB) and purified by AMPure XP beads (A63881, Beckman)
according to the manufacturer’s instructions. Primers used for library amplification are listed in
Supplementary Table S1. The library was sequenced on the lllumina Nova X Plus platform to generate
150 bp paired-end reads. The raw reads were filtered using fastp (version 0.24.0) to generate clean
FASTQ files. After filtering low-quality reads, the sequences were mapped back to the Capsella rubella
v1.1 genome using Bowtie2 (version 2.5.4). Duplicate reads were removed by sambamba (version 1.0.1)
and bedtools (version 2.31.1). Peaks were called using MACS2 (version 2.1.4) with a p value of 0.01. The
bigwig files were generated by DeepTools (version 3.5.6) for visualization using IGV (version 2.16.2).
Gene annotation was performed with a 2 kb promoter-proximal window using ChlPseeker (version

1.38.0)°2. For each antibody and genotype, two biological replicates were conducted.

For data integration, Venn diagrams were generated with the R package VennDiagram (version 1.7.3)°5.

Protoplast transient expression and ChIP-qPCR analysis

Protoplast isolation and transient protein expression were performed with the published protocols®*.
Briefly, leaves from 10-day-old young seedlings were sliced and digested with Enzyme buffer | (1.0%
cellulase R10, 0.5% macerozyme R10, 0.5% pectinase, 20 mM KCI, 20 mM MES, 0.6 M mannitol, 10 mM
CaCl,, 0.1% BSA) rotating at 60 rpm and 25°C for 2.5 h. The protoplasts were collected by filtering with a
40 pm cell strainer. 35S:CrJAG/CrMSI2/CrMSI3/CrMSI4:GFP and AtUBQ10:NLS-mCherry plasmids were
prepared using a QIAGEN Plasmid Maxi Kit according to the manufacturer’s instructions. A total of 1000
ng plasmids (35S:CrJAG : AtUBQ10:NLS-mCherry = 1:1) were co-transformed into protoplasts with a
PEG-mediated heat-shock method (42°C, 3mins). The protoplasts were incubated under weak light at
26°C for 18 h. The subcellular localization of CrJAG:GFP, CrMSI2:GFP, CrMSI3:GFP, and CrMSI4:GFP
proteins was detected on a Zeiss 980 confocal microscope with AtUBQ10:NLS-mCherry as a nuclear-
localized marker.

The ChIP-qPCR analysis was performed using modified protocols described®. Briefly, protoplasts
transformed with pCambia1300-cFLAG/CrMSI2/CrMSI3:GFP and CrJAG-cFLAG/CrMSI2/CrMSI3:GFP
were collected and crosslinked with 1% formaldehyde for 10 mins at room temperature and stopped with
125 mM glycine for 5 min. The protoplasts were resuspended in RIPA buffer and sonicated for 24 cycles
with 30 s on and 30 s off. The samples were then subjected to immunoprecipitation using an anti-GFP
antibody (ab290, Abcam) or an anti-FLAG antibody (F3165, Sigma-Aldrich) pre-incubated with Pierce
Protein A/G magnetic beads (88847, Thermo Fisher) at 4°C for 4.5 h. The beads were washed, then
reverse-crosslinked by adding 10% sodium dodecyl sulfate (SDS) and incubating at 65°C for 12 h. The
proteins in the DNA complex were digested with Proteinase K at 45°C for 1 h. The DNA was extracted
using phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with ethanol, then resuspended in
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water (W4502, Sigma-Aldrich). qPCR was performed on a qgTOWER PCR System (Analytik Jena AG) using
SYBR Premix Ex Taq.

Chemical treatment and cell flow cytometry

For chemical treatment, stage-12 fruits were collected and transferred onto 0.4% agar half-strength
Murashige and Skoog (1/2 MS) medium plates containing 100 uM Aurora kinase inhibitor Il (17541,
Cayman) or mock solution (DMSO0) for 5 days. The phenotypes were recorded using a Nikon D850
camera with a 105 mm prime lens.

For the cell-flow cytometry analysis, nuclei were isolated from fruits in 250 yL PVPK12-mGB, buffer [30
mM sodium citrate, 45 mM MgCl,, 20 mM MOPS, 20 mM NaCl, 20 mM EDTA Na, 2H,0, 0.1% (v/v) Triton
X-100, 0.5% (v/v) Tween-20, 10 yL/mL 1-2% PVPK12, pH 7.0] and filtered through a 40 pm nylon mesh.
The nuclei were stained with 4 pyg/mL DAPI. For each sample, approximately 20,000 nuclei were
analyzed using a BD LSRFortessa flow cytometer (BD, USA). Quantitative analysis of ploidy level was
conducted using FlowJo software (v10.10). El was calculated from the ploidy histograms using the
formula: El = 4C% + 2 x 8C%. Statistical analysis was performed in GraphPad Prism (v10.1.2).

Quantification and statistical analysis

All statistics were collected and analyzed using Microsoft Excel and GraphPad Prism (v10.1.2). All data
are presented as means = SD with sample sizes marked by solid dots and described in the figure
legends. Comparisons between groups were performed with Microsoft Excel and GraphPad Prism
(v10.1.2) using Student'’s t-test, and significance levels are marked as: * p < 0.05, ** p<0.01, *** p < 0.001,
**** p<0.0001.
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Figure 1

Comparative live-cell imaging analysis reveals the cellular basis of the shape defects in Crjag fruits

a,b, Fruit morphology of CrWT (a) and Crjag (b) at stage 17. ¢,d, Quantitative depiction of valve
development using heatmaps of cell sizes in the CrWT (¢) and Crjag (d) fruit during 96 h of time-lapse
live-cell imaging analysis, corresponding to developmental stages 12,13 and 14 (0 h, 48 h and 96 h,
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respectively). Cell size is quantified by cell area (um?). In total, 10,481 and 6,738 cells were segmented
for Cr'WT and Crjag fruits, respectively. e f, Heatmaps of cell growth (the rate of cell area increase) of the
CrWT (e) and Crjag (f) fruit at 48 h and 96 h time points. g,h, Heatmaps showing cell division status of
CrWT(g) and Crjag (h) fruit at 48 h and 96 h time points. i,j, Heatmaps of cell anisotropy (the ratio of cell
expansion in the maximum and minimum principal directions) of the CrWT (i) and Crjag (j) fruit at 48 h
and 96 h time points. Scale bars, 5 mm (a,b) and, 200 um (c-j).
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Figure 2
Genetic validation and expression analysis of CrJAG

a, Molecular characterization of Crjag and Crjag?® alleles. The Crjag9¢ was generated by CRISPR/Cas9
with a single-base pair insertion in exon 2, resulting in a frameshift that gave rise to a 40-amino-acid (aa)
protein. The guide RNA (gRNA) and PAM sequences are indicated by red and blue characters,
respectively. The red triangles indicate the target site of the gRNA. b, Fruit morphology of CrWT, Crjag9®,
Crjag/Crjag%® and Crjag,pCrJAG.CrJAG:GFP complementary line at stage 17. ¢, GUS staining analysis of
the pCrJAG:GUS reporter line showing the dynamic expression pattern of CrJAG during fruit
development. Strong CrJAG expression is detected in the valves from stages 12 to 14. Scale bars, 5 mm
(b) and 500 um (c).
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Carub.0008s2396 Tetratricopeptide repeat (TPR) protein

d e

SW-L-H-A -W-L-H-A (3AT) BF Chloroplast Merge
CrJAG-BD 1
G-AD
@-BD

e @ o | | [ | R ..
@-BD CrMSI2-nYFP
@-BD p : 4
3-BD CrJAG cYFP

LrMSISSnYEP

CriMSI4-AD U

@a-BD :
CrJAG-BD

CrJAG-BD CrMS12 CIMSI3 CrMsI4
CrMsI2-AD CrHAGFLAG + - + +r - + =+ - +
CrJAG-BD CIMSIHA -+ + - *
CSI-AD ey @ @) e -
¢ - c 70 kDa
CrMSHI-AD wHA | - - - ® e ®
o 55 kDa
CrJAG-BD oleras - @B @ |- g
CrvISI5-AD 4 kD
o —

a-HA — —

85 kDa

1x 10x 100x  1x 10x 100x  1x 10x  100x

Figure 3

CrJAG interacts with histone chaperones CrMIS2 proteins

a, Venn diagram showing the overlap of protein interactors identified from IP-MS and Y2H library

screening. b, Molecular identities of the four candidate proteins with the MSI1 protein shown in bold. ¢,

Neighbor-joining tree of proteins encoded by the MS/ genes from the Capsella andArabidopsis genome,
bootstrap values over 50% (1,000 replicates) are indicated for each branch. The Damaged DNA Binding 1

(DDB1)-binding WD40 (DWD1) gene was used as an outgroup. d, Yeast-two-hybrid analysis of the

interaction of CrJAG protein with CrMSI1-5 proteins. e f, Verification of the protein interaction of CrJAG-

CrMSI2, CrJAG-CrMSI3 and CrJAG-CrMSI4 using BiFC analysis (e) and Co-IP experiment after transient
expression in tobacco leaves (f). Scale bars, 50 pm (e).

Page 23/28



Stage10 Stage 11

a
—
- f
S MR &
Y e fle
: &k '
G LT
S g
ok Wikl
b Stage10 Stage 11
2 M. 1
i
0 { li: A
g | |
L s ¢
‘ .p: fyt
¢  Stagel0 Stage 11
| }
2 1
a 2/ : | s heg
AEAC TN
P iaay V&g 1 ; -.:_.:\:'I
& 5 s o |
14 74
11 Al
€ CrWT
pCrJAG:DBED:GFP

4549bp upstream start codon DBD

Prolein size. 40aa+237aa

pCrJAG:DED-CrMSI2:GFP

.;. 49bp upsiream start codon DED Criag

Prolein size. 40aat421aa+237aa

pPCrJAG:DBD-CrMSI3:GFF
4549bp upstream start codon DBD

pCriAG:DBD:GFP

Protein size: 4Daat422aa+237aa

pCrJAG:DBD-CrMSI2:GFP
pCryAG:DBD-CrMSI3:GFP

Figure 4

The CrJAG-CrMSIs complex is required for fruit shape determination in Capsella

a-c, GUS staining analysis of pCrMSI2:GUS (a), pCrMSI3:GUS (b), and pCrMSI4:GUS (c) reporter lines
showing the expression pattern of these genes during fruit development. d, Fruit morphology of
CrmsiZand Crmsi3 single, and Crmsi2, Crmsi3 double mutants at stage 17. e, Schematic illustration of
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the chimeric constructs of CrJAG(DBD) and CrMSI proteins used for the complementation test. The total
protein size is shown. f, Fruit morphology of Crjag, Crjag; pCrJAG:DBD:GFP, Crjag; pCrJAG:DBD-
CrMSI2:GFP and Crjag; pCrJAG.DBD-CrMSI3:GFP at stage 17, showing that the DBD-CrMSI2 and DBD-
CrMSI3 chimeric proteins successfully complement the Crjag fruit shape defects. Scale bars, 500 pm (a-

¢) and 5 mm (d,f).
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Figure 5

The CrJAG-CrMSiIs complex regulates fruit shape development via epigenetic mechanism

a, Venn diagram showing the 138 genes identified from CrJAG.GFP CUT&Tag, down-regulated DEGs in
the Crjag fruits, and closed chromatin accessibility in Crjag fruits by ATAC-seq. b, Metaplots displaying
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the ATAC-seq signals of the 138 CrJAG targeted genes, showing decreased ATAC-seq signals in the
proximal promoter region and 3'regulatory region in the Crjag compared with CrWT. TSS, Transcription
Starting Site; TES, Transcription Ending Site. ¢, Venn diagram showing the overlap of down-regulated
targeted genes and changes in H3K27me3 and H3K18ac modification levels. d, Snapshots showing the
chromatin binding peaks of CrJAG:GFP, ATAC-seq signals, H3K27me3 and H3K18ac modification
signals in the genomic regions of CrAURZ2 between CrWT and Crjag fruit samples. The double
arrowheads (A-C) indicate the regions used for ChIP analysis. The full epigenetic landscape is provided
in Supplementary Fig. 6. €, ChIP-qPCR analysis in the CrWT protoplasts showing CrMSI2:GFP and
CrMSI3:GFP association with the same DNA region as CrJAG:GFP on the CrAURZ locus, and that these
associations depend on the presence of CrJAG:GFP protein. f, Gene expression analysis of CrAURZ in
different genetic backgrounds. The expression level was quantified as FPKM from RNA seq data. In e f,
the values represent the means of three biological replicates and the error bars represent s.d. ns, not
significant, *p < 0.05, **p < 0.01 (Student’s t test).
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Figure 6

The CrJAG-CrMSIs complex orchestrates fruit shape determination via epigenetic regulation

During fruit morphogenesis, CrJAG recruits CrMSI2/3 to downstream target genes. This complex locally
reduces H3K27me3 and increases H3K18ac via an as-yet-unidentified mechanism (dashed line), thereby
promoting chromatin accessibility and gene expression. A key target of CrJAG-CrMSis in fruit shape
determination, CrAURZ, exemplifies this regulatory logic. In the Crjag mutant, loss of CrJAG function
abolishes CrMSI recruitment. Consequently, H3K27me3 enrichment rises while H3K18ac declines,
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leading to reduced chromatin accessibility, decreased target gene expression, and impaired fruit
morphogenesis.
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