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Arabidopsis uses a molecular grounding mechanism and a
biophysical circuit breaker to limit floral abscission signaling
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Abscission is the programmed separation of plant organs. It is widespread in the plant
kingdom with important functions in development and environmental response. In
Arabidopsis, abscission of floral organs (sepals, petals, and stamens) is controlled by
two receptor-like protein kinases HAESA (HAE) and HAESA LIKE-2 (HSL2), which
orchestrate the programmed dissolution of the abscission zone connecting floral organs
to the developing fruit. In this work, we use single-cell RNA sequencing to characterize
the core HAE/HSL?2 abscission gene expression program. We identify the MAP KINASE
PHOSPHATASE- I/MKP1 gene as a negative regulator of this pathway. MKP1 acts prior
to activation of HAE/HSL2 signaling to establish a signaling threshold required for the
initiation of abscission. Furthermore, we use single-cell data to identify genes expressed
in two subpopulations of abscission zone cells: those proximal and those distal to the
plane of separation. We identify INFLORESCENCE DEFICIENT IN ABSCISSION/
IDA family genes, encoding activating ligands of HAE/HSL2, as enriched in distal
abscission zone cells at the base of the abscising organs. We show how this expres-
sion pattern forms a biophysical circuit breaker whereby, when the organ is shed, the
source of the IDA peptides is removed, leading to cessation of HAE/HSL2 signaling.
Opverall, this work provides insight into the multiple control mechanisms acting on the
abscission-signaling pathway.

abscission | signaling | singe-cell rna-sequencing

Abscission is a ubiquitous process occurring at multiple stages of the plant life cycle.
Shedding of leaves in the autumn and fruit after ripening are common examples, as is
shedding of organs after damage or infection (1-3). Historically, selection for grass
varieties with defects in seed abscission (also known as shattering) dramatically increased
the efficiency of harvest and is considered one of the critical steps in domestication (4).
Controlling abscission today is still of agricultural and horticultural relevance in a wide
range of species (5-8).

In the genomics era, abscission of Arabidopsis floral organs is among the best studied
systems (9). In particular, Arabidopsis floral abscission has been shown to be regulated by
ethylene, auxin, and their interaction (10-12), with additional contributions from jas-
monic acid and abscisic acid signaling (13, 14). In Arabidopsis, the site of floral abscission,
known as the abscission zone (AZ), is lignified on the distal margin to create a well-defined
separation plane (15). During abscission, the middle lamella (the pectin-rich substance
adhering adjacent cells) is degraded enzymatically before the organs detach (16).

Abscission in Arabidopsis is regulated by two related leucine-rich repeat receptor-like
protein kinases (LRR-RLKs) HAESA/HAE and HAESA LIKE-2/HSL2. The double
mutant hae hsi2 fails to shed its floral organs (17-19). Several components of the HAE/
HSL2 signaling pathway regulating abscission have been previously identified. In particu-
lar, HAE and HSL2 cooperate with members of the SOMATIC EMBRYOGENESIS
RECEPTOR KINASE/SERK family of coreceptor LRR-RLKSs to bind proteolytically
processed INFLORESCENCE DEFICIENT IN ABSCISSION/IDA and IDA-LIKE
peptides, which activates a MAP kinase cascade (18, 20-23). MAPK signaling triggers
expression of downstream abscission genes involved in pectin degradation, cell wall remod-
eling, and, ultimately, separation of the abscising organs (18, 24-28). A number of tran-
scription factors have been implicated in regulating AZ development and abscission
signaling (14, 23, 29-31). It has been shown that Nicotiana lines with silenced HAE and
IDA orthologs exhibit reduced perianth abscission (32), and expression of both citrus ad
litchi orthologs of /DA can complement the abscission-deficient idz mutant phenotype
in Arabidopsis (33, 34). We have also demonstrated abscission of Arabidopsis cauline

leaves upon water stress or pathogen infection is under similar genetic control as floral
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We explore how signaling
pathways are modulated to
prevent errant activation of a
biological activity, using
Arabidopsis floral abscission as a
model. We identify a protein
phosphatase that forms a
molecular threshold to prevent
spurious activation of the
abscission pathway. We liken this
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mechanism in an electrical
circuit, dissipating excess energy
that could damage other system
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a spatial gradient in the
expression of /DA family genes,
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of abscising organs in cells that
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occurs. We show how localizing
IDA gene expression to these cells
forms what we call a “circuit
breaker.”
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abscission (35, 36). These results indicate that the knowledge of
the specific components of the HAE/HSL2 pathway will inform
regulation of abscission in multiple systems across multiple
species.

While knowledge of positive regulators of Arabidopsis abscis-
sion signaling has been increasing in recent years, we know com-
paratively little about negative regulation of this process. This is a
notable gap because plants must tightly control abscission signa-
ling to avoid negative fitness consequences such as premature
shedding of stamens and developing fruit. Moreover, prolonged
abscission signaling could lead to wound formation, posing the
risk of infection and desiccation. Among the negative genetic reg-
ulators we know include AGL transcription factors (such as
AGLI5 that has been shown to bind and negatively regulate the
HAE promoter, repression of which is a component of a positive
feedback loop), as well as the pseudokinase BIR1 (implicated in
negatively regulating a SERK-SOBIR1-mediated signaling cas-
cade) (20, 27, 37-39).

In this work, we provide insight into how the abscission path-
way is maintained at a low basal activity prior to abscission acti-
vation. We also describe an abscission termination mechanism
that highlights how plants have evolved an elegantly simple way
to halt the abscission process. We began our work by hypothesizing
that assessing the transcriptional output of the HAE/HSL2 path-
way at the single-cell level could help us answer questions sur-
rounding the mechanism of how abscission is orchestrated, and
how the cell types within the AZ coordinate in this orchestration.
This line of investigation led to the characterization of a mutant
in a phosphatase gene that we show negatively regulates basal
signaling prior to abscission pathway activation. Second, we estab-
lish how a spatial gradient in /DA family gene expression contrib-
utes to limiting HAE/HSL2 signaling to the time when organs
are attached. In essence, we demonstrate that IDA peptides are a
key switch that the plant has localized to the AZ cells on the
abscising organ, ensuring that the trigger for the abscission path-
way is physically removed from the plant once abscission has
occurred. This creates a virtually infallible way of terminating
abscission signaling, thus eliminating the potential hazards of
uncontrolled pathway activation.

Results

Single-cell RNA Sequencing Identifies Floral Abscission Zone
Cells. The genes encoding HAE and HSL2 are required for floral
organ abscission in Arabidopsis (Fig. 14). In order to characterize
transcriptional outputs of HAE/HSL2 signaling, we developed a
flower receptacle protoplasting method (Methods) and used it to
perform scRNA-Seq on stage 15 floral receptacles of WT and
hae hsl2 (2 replicates each) (Fig. 1B). Stage 15 is the time when
abscission signaling has been initiated, but WT and hae/hs/2 are
still morphologically comparable. We also profiled 2 replicates
each of FACS-sorted cells derived from hae hsl2 + HAEpr::HAE-
YFP (complemented) and kinase dead hae hsl2 + HAEpr::HAE-
K711E-YFP (noncomplemented) receptacles to further enrich
for AZ cells from phenotypically wild-type and mutant plants,
respectively (Fig. 1 C and D) (Methods). In total, we obtained
data for 4 WT/complemented (hereafter “WT”) and 4 mutant/
noncomplemented (hereafter “hae hs/2”) replicate samples each,
granting us robust statistical power to identify genes regulated by
HAE/HSL?2 signaling (Dataset S1 and SI Appendix, Fig. S1 for
sample sequencing metrics). After preprocessing and filtering low-
quality cells, we integrated all cells using Seurat (40), excluding
genes whose expression was altered in a separate receptacle
protoplast bulk RNA-Seq experiment (Methods). We used
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Fig. 1. Background and experimental system. (A) Floral abscission phenotype
of WT and hae hs/2 mutant. (Scale bar, 10 mm.) (B) Flower stages in WT and hae
hsl2 mutant. (Scale bar, 2 mm.) (C) Phenotype of transgenic hae hsl2 expressing
wild-type HAEpr::HAE-YFP and HAEpr::HAE-YFP K711E (bright-field/BF and YFP).
(Scale bar, 2 mm.) (D) Diagram of AZ single-cell isolation and experimental
procedure.

Louvain clustering to identify transcriptionally similar groups of
cells and embedded them in a two-dimensional Uniform Manifold
Approximation and Projection (UMAP) (Fig. 2 A, Top panel). Next,
we plotted WT cells on the UMAP expressing known markers of
the AZ: HAE and the pectin-degrading enzyme-encoding genes
QUARTET2/QRT2 and POLYGALACTURONASE AZ OF A.
THALIANA/PGAZAT (Fig. 2 A, Bottom panel). A compact group
of cells was apparent in the UMAP expressing all three AZ markers
(Fig. 1 A, Lower panels). These cells, numbering 869 out of a total
0f 16,169 profiled WT cells (5.4%), grouped together across a wide
range of Louvain clustering resolutions (Fig. 24, pink border and
SI Appendix, Fig. S2). Thus, this group of cells appears to represent
the AZ, which is transcriptionally identifiable and highly distinct
from other cell types in the receptacle.

To confirm the identity of the putative AZ, we took several
approaches. First, we sorted HAE-YFP expressing cells and generated
and sequenced bulk RNA-Seq libraries (Methods and Dataset S2).
We then calculated cluster-wise Spearman correlation between this
dataset and pseudobulked data of each of the identified clusters from
the single-cell experiment. The putative AZ cluster displayed the
highest correlation, consistent with the hypothesis that it represents
the AZ (Fig. 2 B, Top panel). Similarly, we used published bulk
RNA-Seq data from FACS-sorted QR72-expressing stage 16 AZ cells
to perform an identical correlation analysis and found that, again,
this cluster displayed the highest correlation (Fig. 2 B, Bottom panel
and Datasets S3 and $4) (15). Next, we identified genes enriched in
the putative AZ cluster and generated promoter::fluorescent reporter
lines (Fig. 2C). All four reporters displayed highly specific expression
in the AZ cells, indicating that this cluster represents the AZ.

To characterize the biology of the putative AZ, we identified
AZ-enriched genes using Seurat (Methods and Datasets S5 and
S6). Analysis of Gene Ontology (GO) terms found enrichment
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of genes associated with middle lamella degradation and cell wall
remodeling (pectin catabolic process, polysaccharide catabolic
process, galacturonan metabolic process, etc.) (Fig. 2D). Additionally,
there were terms associated with extracellular barrier formation
such as phenylpropanoid biosynthesis, the major pathway leading
to lignin formation, which has been shown to play an important
role in the delineation of the AZ in both Arabidopsis and rice (15,
41). Terms related to Fatty-acyl-CoA metabolism are associated
with genes involved in cutin biosynthesis, a waxy substance depos-
ited on the scar of newly differentiated epidermal cells after abscis-
sion has occurred (15). Overall, these terms are highly consistent
the AZ being a site of focused cell wall disassembly and barrier
formation.

While not the focus of this study, we were also curious if we
could identify other non-AZ cell types present in the receptacle.
Indeed, many genes associated with specific cell types from
Arabidopsis leaf scRNA-Seq data were present in restricted clusters
in our data (42), allowing us to make tentative assignments of the
epidermis, mesophyll, guard cells, etc. (57 Appendix, Fig. S3 A-C).
This suggests that floral organs, as modified leaves, retain some of
the gene expression patterns of their homologous organs. There
were also clusters that did not express known leaf markers
(SI Appendix, Fig. S3B), likely representing less characterized,
fower-specific cell types. For example, we identified a large group
of cells expressing AT3G01420, an alpha dioxygenase encoding
gene previously shown to be highly enriched in bulk RNA-Seq of
developing siliques (43), suggesting that there are uncharacterized

Hower-specific cell types (SI Appendix, Fig. S3D).

The hae hsI2 Mutant Exhibits a Reduction in Expression of Genes
Associated with Core Abscission Zone Signatures. We next
examined the scRNA-Seq data to characterize gene expression

WT UMAP embedding .
A . B HAE correlation

QRT2 correlation

differences between hae hsi2 and WT. Plotting mutant cells by
UMAP indicates a similar spectrum of cell types as WT (Fig. 34),
with a similar proportion of putative AZ cells numbering 964 out
of 24,497 profiled mutant cells (3.9%). To identify differentially
expressed genes (DEGs), we performed pseudobulk analysis
comparing WT to hae hsl2 using edgeR (44). This analysis revealed
302 genes with lower expression and 274 with higher expression
in the double mutant as compared to WT (Dataset S7).

GO term enrichment of genes with reduced expression in sae
hsl2 AZ was consistent with known biology of abscission, includ-
ing terms related to pectin degradation and cell wall remodeling
(Fig. 3 Band Methods). Terms associated with suberin deposition
are likely to reflect biosynthesis of cutin, a related wax compound
with similar biosynthesis, which has been shown to accumulate in
Arabidopsis floral AZs (15). For visualization, we plotted the expres-
sion levels of a number of known and novel HAE/HSL2-regulated
genes (Fig. 3C). Overall, these results are consistent with the role
of HAE/HSL?2 as central regulators of genes required for break-
down and remodeling of the cell wall during abscission.
Interestingly, GO term analysis of genes with higher expression
in hae hs/2 did not reveal such clearly biologically interpretable
signals and was enriched in terms associated with defense and
hypoxia responses (S Appendix, Fig. S4). This suggests that there
may be novel molecular pathways repressed by HAE/HSL?2 that
can be interrogated in future work.

hae hsl2 Suppressor Mutants Partially Restore the Abscission
Zone Gene Expression Signature. Having identified a core set
of genes regulated by HAE/HSL2 specifically in the AZ, we
set out to characterize this signaling pathway in two hae hsi2
partial suppressor mutants isolated from a previously described
hae hsl2 T-DNA suppressor screen (27). These mutants, which
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Fig. 2. Identification and characterization of AZ cells by single-cell RNA sequencing. (A) UMAP embedding of WT cells with putative AZ cluster circles in pink
(Top) and expression of AZ marker genes on UMAP (Bottom). Expression is on Seurat SCT scale. (B) Cluster-wise pseudobulk Spearman correlation with sorted
bulk data of HAEpr::HAE-YFP (Top) or QRT2pr::GFP (Bottom). (C) Expression of 4 putative AZ marker genes in single-cell UMAP embedding and in the young siliques
of promoter::fluorescent protein expressing transgenic plants (bright-field/BF and YFP or GFP). Expression is on Seurat SCT scale. (Scale bar, 0.7 mm.) (D) Gene
Ontology Biological Process term enrichment of AZ-specific genes.
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Fig. 3. Analysis of differentially expressed genes in the hae hs/2 mutant AZ. (A) UMAP embedding of hae hsl2 cells. (B) Gene Ontology Biological Process term
enrichment of DE genes higher in WT (FDR <.05, log2(FC) > 1). (C) Expression of cell wall/middle lamella hydrolysis genes (Top) and cutin/lignin biosynthesis genes

(Bottom). Scale is log2(FC) for each sample relative to the average of hae hs/2

we named fal-3 and fal-7 for facilitated abscission locus, display
cool-temperature-enhanced suppression of hae hsl2. We found
this temperature dependence serendipitously while growing the
mutants in a growth chamber with malfunctioning temperature
regulation, where daytime temperatures held near the intended
22°, while nighttime temperatures reached as low as 19° (Fig. 44).
To quantify this effect we measured the force required to remove
petals of stage 16 flowers using a previously described petal break-
strength assay in plants grown at 23° and 16°, respectively (Fig. 4B)
(45).

Based on the partial suppression phenotype, we hypothesized
that gene expression changes in hae hs/2 would be partially reversed
in the hae hsi2 fal-3 and hae hsl2 fal-7 suppressors. To test this
hypothesis, we performed stage 15 receptacle bulk RNA-seq of
plants grown at 16° comparing W', hae hsl2, hae hsl2 fal-3, and
hae bsl2 fal-7 and examined the expression of 67 genes that were
reduced both in hae/hsl2 in the AZ in our single-cell data while
also exhibiting a reduction in previously published receptacle bulk
RNA-Seq experiments comparing WT and hae/hsi2 (Datasets S8
and S9) (27, 28). Thus, these genes represent an AZ-specific, val-
idated set of genes regulated by HAE/HSL2 identifiable from bulk
analysis (S] Appendix, Fig. S5). Indeed, in hae hsi2 fal-3 and hae
hsl2 fal-7, most of these genes show an intermediate level of expres-
sion between WT and hae hsl2 (Fig. 4C, gene list in Dataset S8).
To perform a single composite statistical test, we used Parametric
Analysis of Gene Expression/PAGE, which averages expression of
a set of genes on a log scale and uses the resulting approximate

40f 10 https://doi.org/10.1073/pnas.2405806121

. All genes are lower in mutants with FDR < 0.05.

normality to perform comparisons (46) (Methods). Consistent
with the hypothesis that the suppressors have partial reversion of
the abscission gene expression program, the average log2(FC)
levels for both hae hsi2 fal-3 and hae hsi2 fal-7 are intermediate
between WT and hae hsi2 (Fig. 4D). These results confirm the
partial suppression phenotype is due to partial HAE/HSL2 path-
way activation in these mutants.

Mutation of MAP KINASE PHOSPHATASE-1/MKP1 Underlies the
hae hsl2 fal Suppression Phenotype. To identify the causative
mutations in fz/-3 and fal-7, we performed complementation
crosses, which indicated that fz/-3 and fal-7 are allelic, recessive
mutations (Fig. 4F). To identify the underlying mutations, we
performed TAIL-PCR and found fa/- 7 harbors a T-DNA insertion
in the first exon of MAP KINASE PHOSPHATASE-1/MKPI,
a gene encoding a phosphatase known to negatively regulate
MPK3 and MPKG6 during biotic and abiotic stress signaling in a
cool-temperature enhanced manner (Fig. 4F) (47-49). Because
MPK3/6 are also involved in abscission signaling (18), and
because the effect of fz/-3 and fal-7 is cold-enhanced, MKPI
became a very strong candidate gene. In fa/-3, we were unable to
identify a T-DNA insertion linked to the phenotype. However,
Sanger sequencing the MKPI gene identified a SNP causing a
premature stop codon in the first exon leading to truncation
of nearly half the protein (Fig. 4F). This SNP appears to have
thus spontaneously arisen during the generation of this mutant
population. Segregation analysis of a back-cross population of hae
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hsl2 x hae bsl2 fal-7 indicated that the hae hs/2 suppression effect is
linked to the insertion in MKP1 (SI Appendix, Fig. S6), confirming
that the phenotype of fa/-3 and fal- 7 is due to mutation of MKP1.

These results together indicate that MKP1 is a negative regula-
tor of abscission that buffers low levels of basal signaling which
could otherwise induce abscission in the absence of HAE/HSL2
activation. This molecular thresholding mechanism is likely critical
to prevent errant signal amplification of background noise and to
ensure coherent activation of downstream signaling across the AZ.
By analogy, this resembles the safety mechanism of grounding in
electrical systems where the neutral and ground wires in the main
electrical panel are bonded to set neutral voltage to the reference
ground value of zero. This allows unwanted energy a dissipation
path, preventing unwanted voltage noise on inactive circuits. In
a similar fashion, MKP1 eliminates spurious MAPK phosphoryl-
ation that could lead to premature pathway activation prior to
abscission signal induction.

Single-cell RNA-Seq Identifies Spatial Domains of the Abscission
Zone. While the above analysis relied on pseudobulk measurements
of gene expression across the entire AZ, we were next interested
to explore whether we could potentially obtain more fine-grained
information on the function of distinct cell populations within the
AZ. An important report from Lee et al. (15) provided a detailed
examination of the spatial organization of the AZ, identifying a
differentiated group of cells on the distal side at the base of the
abscising organ (termed secession cells) and a distinct group on
the proximal side of the abscising organ (termed residuum cells)
(Fig. 5A). Functionally, secession cells form a lignin “brace,” which
is thought to focus the enzymatic activity of secreted hydrolases to
the middle lamella of the fracture plane at the site of abscission,
while also creating a rigid frame which detaches once sufficient
weakening of the fracture plane has occurred.

This process had previously been detailed in stage 16 flowers,
just as abscission is occurring (15). We hypothesized we may be
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able to detect evidence of the differentiation process at stage 15
from our data. Interestingly, when performing low-resolution
Louvain clustering of WT AZ cells and embedding in UMAP
space, two groups of cells emerge (Fig. 5 B, Left panel). We tested
the hypothesis that these cells represent secession and residuum
cells by performing cluster-wise Spearman correlation analysis
with previously published bulk RNA-Seq data derived from sorted
secession cells and, separately, sorted residuum cells (15). Consistent
with our hypothesis, we observed a strong association of one of
the two clusters of cells with secession bulk data (Fig. 5 B, Middle
panel) and strong association of the second group of cells with
residuum bulk data (Fig. 5 B, Right panel).

To validate the hypothesis that these cell clusters represent dis-
tinct sides of the AZ, we performed a pseudobulk differential
enrichment analysis to identify genes enriched in the putative
secession and residuum cells. We identified 306 and 540 genes
displaying evidence of enrichment in these cell types, respectively
(Dataset S10). GO term enrichment analysis of the secession cell-
associated genes in revealed modest enrichment of pathways
related to phenylpropanoid biosynthesis (Fig. 5 C, Top panel).
Since one of the main functions of the phenylpropanoid pathway
is lignin formation, this is consistent with the idea that putative
secession cells are in the early stages of forming a lignin brace. In
contrast, the genes associated with putative residuum cells are
enriched in terms related to cellular activity such as protein pro-
duction (Fig. 5 C, Lower panel). This is consistent with classical
observations that AZ cells are sites of high levels of protein syn-
thesis (50). Interestingly, we performed a similar analysis of puta-
tive secession and residuum cells in mutant samples, and we found
evidence of significantly fewer genes enriched in the mutant cell
types, suggesting HAE/HSL2 may drive cellular differentiation of
these two cell types within the AZ (SI Appendix, Fig. S7 and
Dataset S11).

To provide final validation of the identification of AZ subtypes,
we identified one gene, AT5G57785, encoding a predicted
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Fig. 5. Spatial analysis of the AZ. (A) Schematic view of the spatial organization of the AZ. (B) Low-resolution Louvain clustering and UMAP embedding of WT AZ
cells (Left) and Spearman correlation with sorted bulk secession data (Middle) or residuum data (Right). (C) GO Term enrichment of genes differentially enriched
in the putative secession cells (Top panel) or putative residuum cells (Bottom panel). (D) Pseudobulk log2(CPM + 1) of AT5G57785 in putative secession (“sec.”) and
residuum (“res.”) cells. (E) AT5G57785pr::H2B-VENUS expression in secession and residuum cells. (F) Pseudobulk log2(CPM + 1) of /DA in putative secession and
residuum cells. (G) IDApr::H2B-VENUS expression in secession and residuum cells. (H) IDA expression phenotype in WT (Left) and residuum-specific AT5G57785pr::IDA

misexpression phenotype (Right).

mitochondrial protein of unknown function, as a gene highly
enriched in the putative residuum side of the AZ (Fig. 5D).
Promoter::reporter analysis confirmed this expression pattern,
showing that the gene is relatively low-expressed in secession cells,
but highly expressed across the residuum (Fig. 5£and Dataset S10).
In contrast, and intriguingly, we found one of the most highly
enriched genes in the putative secession cells is /DA, encoding the
primary activating ligand of HAE/HSL2 (Fig. 5Fand Dataset S10).
We confirmed this pattern by generating promoter::reporter lines,
demonstrating strong expression in secession cells and only patchy
expression in residuum cells (Fig. 5G). These results confirm the
ability of single-cell RNA-Seq to discriminate AZ subtypes.

Localization of IDA Gene Expression to Abscising Organs
Terminates HAE/HSL2 Signaling after Organ Separation. Finally,
we noted that it is interesting that while /DA is highly enriched
on the secession side of the AZ, other signaling components such
as HAE, HSL2, and MKP]I are detected at similar levels in both
residuum and secession cells (S7 Appendix, Fig. S8). We further
validated this observation by comparing transcript abundance of 3
IDA-LIKE family genes (/DL1/2/3) that have recently been shown,
along with /DA, to contribute redundantly to abscission signaling
(23). Analyzing both our stage 15 single-cell data, as well as the
stage 16 sorted bulk data reported in Lee et al, we found that all
three /DA-LIKE genes are enriched in secession cells (S Appendix,
Fig. S9). This enrichment of /DA family genes in secession cells
suggests a potential elegant regulatory control mechanism. In
this model, soluble IDA peptides are mostly secreted by secession
cells to activate signaling locally, at the site of organ attachment,
while diffusing across the secession—residuum boundary to activate
signaling in residuum cells in trans. However, once cell separation
occurs, the major source of the activating IDA peptide ligand (i.e.,
the base of the abscising organ) is physically detached from the
plant, leading to signal attenuation.

One prediction of this model is that if /DA were misexpressed
in the residuum cells, we might observe some evidence of HAE
pathway overactivation. To test this prediction, we expressed the
IDA gene in residuum cells by fusing it to the residuum-specific
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AT5G57785 promoter fragment characterized above. Indeed, we
observed plants displaying highly enlarged, disorganized AZs
(Fig. 5H). This phenotype has previously been observed in cases
where the IDA- HAE/HSL2 pathway is overactivated, for instance
through general overexpression of /DA or misexpression of the
activating TF WRKY57 (18, 19, 23). This result indicates that
focusing /DA family gene expression on the secession side of the
AZ ensures the clean and abrupt cessation of signaling that occurs
in WT after abscission has occurred. Importantly, we have previ-
ously shown overexpression of HAE does not lead to such a path-
way overactivation phenotype, instead yielding phenotypically
WT plants (51). Thus, these results together demonstrate a unique
mechanism by which the physical removal of the major source of
IDA peptide is likely the main signal attenuation mechanism to
deactivate signaling once abscising organs are shed. A diagram of
the model of abscission signal control is shown in Fig. 6.

Discussion

This work highlights two important emergent properties of abscis-
sion signaling. First, the pathway must be tightly regulated to
prevent signaling absent inducing stimulus which might lead to
premature abscission (exemplified here by MKP1 maintaining
basal signaling below a threshold level prior to pathway activation).
This could be necessary since the abscission pathway is forcefully
activated by positive feedback, placing the pathway under the
control of a molecular hair trigger (20). By way of analogy to an
electrical circuit control, we compare MKPI gene function to a
grounding mechanism at the molecular level. Just as grounding
in a circuit dissipates unwanted electrical voltage, we propose
MKP1I acts to dissipate spurious phosphorylation that could lead
to premature activation of the HAE/HSL2 pathway. A second key
property we uncover is that activation of the pathway should be
restricted to the site of organ attachment and be turned off after
abscission has occurred. This avoids widespread and prolonged
signaling leading to wounding. Our work shows that during
Arabidopsis floral abscission, this is accomplished by focusing the
source of the inducing IDA peptide signal to the abscising organ.
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peptides produced by the /DA and redundant /DA-LIKE genes.

The ingeniously evolved abscission switch constitutes a failsafe
biophysical circuit breaker that terminates a highly amplified
abscission activation signal, along with the potentially deleterious
cellular processes that result from it. Diffusion of IDA peptides
from source secession cells establishes a gradient across both sides
of the abscission zone that does not appear necessary for abscission
to take place. However, misexpression of /DA in residuum cells,
creating an altered IDA peptide gradient, results in malformed
residuum abscission scars, demonstrating the regulatory logic of
enriching /DA family gene expression to the AZ cells on the abscis-
ing organ. We propose both highlighted mechanisms are likely
general features of the regulation of abscission across species and
organ types. We note that while /DA family transcripts are highly
enriched in secession cells, low levels of /DA family transcripts are
still detectable in residuum cells (S Appendix, Fig. S9). This obser-
vation suggests that although the major component of IDA sign-
aling likely involves paracrine signaling from secession to residuum
cells, there may also be an additional autocrine IDA component
within residuum cells. This autocrine signaling could sustain a
low, but nonzero, level of HAE-mediated signaling in residuum
cells during the final stages of abscission after organ shedding. It
will be interesting to dissect the interaction of spatial and temporal
dynamics of IDA-HAE signaling during the abscission process in
future work.

It is interesting to note that Thomas Edison invented the elec-
trical circuit breaker in 1,879 to prevent fires arising from electrical
short-circuits and overloading (52). Nature appears to have solved
a similar problem over the course of millions of years of evolution
of abscission in plants. Equipping abscission signaling circuitry
with both a physical circuit breaker to terminate the process and
a noise reduction mechanism, resembling electrical grounding, to
keep the circuitry completely off when not needed, illustrates how
simple, yet ingenious and effective, plant signaling system design
can be.

PNAS 2024 Vol.121 No.44 2405806121

Methods

Plant Growth. The hae-3 hsl2-3 mutant was used in all experiments (53). Wild
type, hae-3 hsl2-3, hae-3 hsI2-3 HAEpr::HAE-YFF, hae-3 hsl2-3 HAEpr::HAE-YFP
K711E, hae-3 hsl2-3 fal-3, and hae-3 hsl2-3 fal-7 are all in the Columbia back-
ground.The fal suppressor mutants also contain erecta and glabrous mutations in
orderto phenotypically differentiate contaminating wild-type seeds from mutants
in the hae hsl2 suppressor screen (27). Plants were grown in a 16-hour light
cycle at either 22° or 16°, except for the breakstrength experiments which were
conducted at 23° and 16°. Plants were grown in peat moss/vermiculite potting
soil and fertilized every 3 wk with %2 strength Miracle-Gro (Scotts Miracle-Gro
Company).

Protoplasting and FACS. For each protoplast sample, we isolated approximately
20 1 mm sections of stage 15 floral receptacles of plants approximately 2 wk post-
bolting, in a similar manner as our previous work (27, 54). For protoplasting, we
employed the isolation method of Evrard etal, developed for rice roots, with minor
modifications (55). In brief, we prepared digest solution as follows: Per 30 mls,
we added 400 mM mannitol (2.2 g), 20 mM MES hydrate (117 mg), and 20 mM
KCI (600 pL of 1 M KCl), after which the pH was adjusted to 5.7 with KOH. We
would typically make 500 mls of this solution, filter sterilize, and store at 4°
for several months. On the day of protoplasting, per 30 mls, we added 1.25%
Cellulase R10 (375 mg), 1.25% Cellulase RS (375 mg), 0.3% Macerozyme R10
(90 mg), 0.12% Pectolyase-Y23 (36 mg) and heated 10 min in 60° water bath
before cooling to room temperature (all digest enzymes purchased from Duchefa
Biochemie except Pectolyase-Y23, which was purchased from MP Biomedicals).
Finally we added 10 mM CaCl2 (300 pL of 1 M CaCl2), 0.1% BSA (30 mg), and
5.38 pL of p-mercaptoethanol. We sliced the receptacles into quarters under a
dissecting scope on 4% agarose plates with a fine microscalpel #715 (Feather),
used forceps to transfer into 5 mls of digest solution in small petri dishes, and
vacuum infiltrated for 7 min at =25 inHg in a dome desiccator. We digested the
tissue for 2.25 h at 80 RPM on a rotary platform shaker at 25°, using fine forceps
and microscalpel to additionally slice the softened tissue at around 1.5 h. We
next filtered the cells twice through 40 um filters, spun for 5 min at 500xgina
swinging bucket rotor in 5 ml sorting tubes, and rinsed twice with wash buffer
(digest buffer with no enzymes). Between washes, we spun cells for 3 min at
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500xg. Finally, we resuspended cells in wash buffer. It should be noted that it
is now recognized calcium in the resuspension buffer reduces the efficiency of
reverse transcription (56, 57), so itis recommended that for follow-up studies, at
leastin the final resuspension step, calcium be omitted (57). For receptacle single-
cell samples, cells were counted on a hemacytometer C-chip (SKC, Inc.), and the
concentration adjusted to 1,000 cells/pl (total yield ranged from approximately
50,0000 100,000 cells). For sorted samples, cells were prepared the same man-
ner and sorted for YFP+ on a BD Diva cell-sorter into either excess wash buffer
(for single-cell samples) or directly into RNA-Later for bulk samples. Single-cell
sorted samples were then spun down and resuspended in 15 pl wash buffer. We
took 2.5 pl of cells for dilution and counting on a hemacytometer C-chip. Final
yield for sorted samples was between 400 to 3,000 cells, all of which were run
on a Chromium chip.

scRNA-Seq Library Generation. We used the 10x Genomics v3 3' Single-cell
RNA-Seq kit for all samples. For the receptacle WT and hae hs/2 samples we fol-
lowed the manufacturer’s protocol, loading 16,000 cells per sample for a target
capture of 10,000 single cells. For sorted samples, we divided a single reaction
into four 25 pl reactions and ran on four lanes of a single chip. For sorted sample
library preparation, we reduced the volume of all reagents only by %, which was
enabled by excess reagents accumulated due to prior emulsion failures (although
we expect miniaturization to %-scale library preparations would be feasible).
Raw reads have been deposited at the Sequence Read Archive under BioProject
PRINA857332.

scRNA-Seq Library Sequencing and Preprocessing. Unless otherwise
noted, all analyses were performed in R 3.6.3 and are included, along with
the output of sessionInfo(), as Jupyter Notebooks in the Supplemental Code.
We used our previously published sckKB procedure to align and produce
count matrices for downstream analysis (58). This pipeline uses kallisto, bus-
tools, busparse, and BSgenome (59-62) to align and quantify counts to the
Arabidopsis TAIRT0 genome. The following analyses are recorded in Notebook
1: For samples WT and hae hsl2 receptacle samples #1, we had performed
species-mixed experiments containing rice and Arabidopsis cells, so we
aligned to a concatenated rice-Arabidopsis MSU7/TAIR10 genome using a
combined gff file and retained only reads mapping to Arabidopsis (50, 52,
63). We pooled reads mapping to spliced and unspliced transcripts in order to
make a single matrix of gene expression values. We next ran EmptyDrops (64)
in order to identify putative empty droplets containing no cells with “ignore”
parameter = 500 and “lower" parameter = 300. We then constructed Seurat
objects with the expression matrices. We finally used doubletFinder (65) to
identify putative doublets using the approximate doublet rate employed by
10X as .004/500 * # loaded cells. The resulting Seurat objects were used for
downstream analysis. Our estimated number of recovered cells after all these
steps are WT receptacle #1: 7,509 cells, WT receptacle #2: 7,571 cells, WT
sorted #1: 878 cells, WT sorted #2: 211 cells, hae hsl2 receptacle #1: 14,492
cells, hae hsI2 receptacle #2: 7,578 cells, hae hsI2 sorted #1: 1,302 cells, and
hae hsl2 sorted #2: 1,125 cells.

Exploratory Analysis of scRNA-Seq Data and Identification of the AZ.
Sample integration (Notebook 2) was performed by running SCTransform on
each sample before integrating, excluding mitochondrial genes, plastid genes,
and genes altered by protoplasting (defined as those with absolute value of
log2(FC) > 1) (Dataset S12). We performed PCA, constructed a shared nearest
neighbor graph, and identified clusters using the SLM algorithm. Visualization
was performed by UMAP embedding.

Identification of the AZ (Notebook 3) was performed by first plotting HAE,
QRT2,and PGAZATin WT cells of the UMAP embedding with the “min" parameter
set to .5. We next calculated the pseudobulk expression profile for all clusters
identified at resolution .75 by summing all counts for each gene. We next calcu-
lated Spearman correlation with bulk sorted HAE+ and QRT2+ RNA-Seq data.
The HAE data (Dataset S2) was Lexogen Quant-seq 3' and consequently is directly
convertible to Transcripts per Million (TPM) making it comparable to 3' RNA-Seq
data generated by Chromium 10X. Because the QRT2 data (Dataset S3) include
separate secession and residuum derived cells, we first created an approximate
composite AZ transcriptome by summing the counts per million for both secession
and residuum datasets with equal weighting. This dataset was full-transcript RNA-
Seq, so we estimated TPM using the formula below (Dataset S4):
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We then plotted the correlation value for each cluster on the previously generated
UMAP embedding.

Promoter Cloning and Reporter Imaging. Fragments ranging in size from
1 to 2.5 kilobases upstream of MYB62, PECTIN LYASE-LIKE, and GDSL-TYPE
ESTERASE were PCR amplified with PfuUltrall polymerase and cloned into pENTR
(ThermoFisher), then recombined into pMDC111 (66) to create promoter::GFP
fusions (primers are listed in Dataset S13). The FARS, IDA, and AT5G57785
upstream regions were PCR amplified by KAPA Hifi polymerase (Roche) and cloned
into an Oryza sativa H2B-VENUS fusion construct created by gene synthesis (Twist
Bioscience). The H2B-VENUS construct was first cloned into pENTR and recom-
bined into pGWB501 (67). This construct was created to include two Aarl sites for
Golden Gate cloning of promoter fragments in one step (sequence in sup). The
AT5G57785pr::IDA misexpression construct was generated by cloning a synthetic
IDA gene containing an upstream Aarl cassette into pGWB501 (Twist Biosciences).
This allowed us to directory clone the AT5G57785 promoter fragment above into
this vector (sequence in sup). Primers are included in Dataset S13. Siliques for the
initial AZ identification experiment were imaged on a Zeiss Axiozoom stereomicro-
scope with UVillumination. /DA and AT5G57785 reporter lines were images using
aZeiss LSM880 microscope with an EC Plan-Neofluar 10x/0.30 M27 objective. The
lasers were 561 nm and 488 nm, with filters of 508 to 561 nm and 570 to 670
nm. Beam splitter information is as follows: MBS: MBS 488/561, MBS _InVis:Plate,
DBS1: Mirror. Each set of images (residuum and secession AZs) was imaged from
the same flower using the same settings.

Non-abscission Zone Cell Annotation. Clusters were defined by twice run-
ning the Seurat FindClusters function with both a low modularity parameter (res
= 2)and a high modularity parameter (res = 200), which results in clusters con-
taining hundreds/thousands of cells (broadly resolved) and those having only
tens of cells each (finely resolved), respectively. We then calculated expression
z-scores of known marker genes (Dataset S14) in each cluster (both broadly and
finely resolved). These clusters were then annotated by comparing the average
marker gene z-scores. Cells that were annotated with the same cell identity
in broadly resolved and finely resolved clusters were considered confidently
annotated. While those that were not were labeled as "Unknown.” This anno-
tation approach combining results of complementary modularity resolution
was particularly useful for annotating rare cell-types while maintaining low
noise levels (Notebook 4).

AZ Pseudobulk DEG Analysis Comparing WT and hae hsi2. \We performed
pseudobulking for the AZ (Seurat cluster 11) for each WT and hae hs/2 sample,
yielding four samples for each genotype (Notebook 5). We then used edgeR
to normalize and calculate CPM and LCPM matrices. We modeled whether the
cells were sorted as a nuisance factor (to account for variation due to FACS), and
otherwise only included HAE pathway activation status as a factor (WT/HAE-YFP or
mutant/HAE-YFP-K7117E). We then constructed a contrast testing the hypothesis
that the difference in expression between WT/HAE-YFP and hae hsl2/HAE-YFP-
K711E for each gene was equal to 0. The output of edgeR has been included as
Dataset S7. Afile with our edgeR functions has been included in Supplemental
Code. This code requires an Arabidopsis annotation file derived from TAIR10
included as Dataset S15.

GO Term Analysis. For GO analysis, we used shinyGO v 0.76 (68). For all analy-
ses, we displayed Biological Process terms at FDR < 0.01. For GO analysis of WT
AZs, we used the output of the Seurat FindAlIMarkers function to select genes
log2(Fold Enrichment) > 1 with FDR < 0.05 in the AZ. We used all genes from
the FindAlIMarkers analysis as a universe (i.e., genes expressed in at least one
cluster). For the WT-mutant DE GO analysis, we took genes defined as DE log2(FC)
> T with FDR < 0.05 with all genes expressed in at least three samples as uni-
verse. GO analysis of the bulk DE/single-cell DE intersection was performed with
a universe as the genes defined to be expressed in the WT/hae hsl2 pseudobulk
DEG analysis.
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AZ subclustering. AZ cells were subdivided into those of WT/HAE-YFP and hae
hsI2/HAE-YFP-K7T1E origin, and each dataset was reintegrated using a similar
process as above (Notebook 6). We then performed coarse clustering with resolu-
tion = 0.1in Seuratwhich identified two transcriptionally distinct groups for both
genotypes. We performed pseudobulk Spearman correlation analysis comparing
expression of each of the two clusters in each genotype to previously published
FACS secession and residuum datasets (15). For enrichment analysis, we took
the pseudobulked putative residuum cells and secession cells and performed
edgeR analysis as above, except we pooled the cells derived from the two FACS
samples for both HAE-YFP and HAE-YFP-K711E due to a particularly low number
of cells in HAE-YFP sorted sample #1. The secession- and residuum-associated
genes are those with FDR < 0.05 and log2(fold enrichment) > 1 in the respective
cell types. We will note because the cells were clustered first before running the
edgeR analysis, the resulting gene lists were not unbiased estimates of differen-
tial expression. However, because we performed identical procedures for WTand
mutant, our Fisher's exact test is valid because it is testing the hypothesis that the
proportion of genes in this "enriched” setis different between the two genotypes.

Bulk RNA-Seq Library Generation and Sequencing. For the sorted HAE-YFP
bulk samples, we sorted into 20 pl of RNA-Later then used the magnetic bead
based Direct-zol-96 MagBead RNA-Isolation kit (Zymo) to isolate RNA. For the
protoplast test, we cut three receptacles per replicate and digested as above. We
harvested the tissue by spinning at 500xg and removing supernatant, leaving
digested cells and undigested tissue in place, before freezing in liquid N2. We
simultaneously collected three receptacles per replicate in our unprotoplasted
control where tissue was placed in 10 pl of RNA-Later in the cap of a 1.7 ml micro-
centrifuge tube, tapped to the bottom of the tube, immediately frozen in liquid
N2, homogenized with a blue pestle, and performed RNA isolation as above. We
performed three replicates in each condition.

For the fal-3/fal-7 bulk RNA-Seq experiment, we isolated receptacles from
three stage 15 flowers for each replicate of er g/ (WT grandparent), er g/ hae-3
hsl2-3 (mutant parent), and er gl hae-3 hsl2-3 fal-3/fal-7 (suppressors). Tissue
was placed into the cap of a 1.7 ml tube containing 10 ul RNA-Later. After tapping
the tissue to the bottom of the tube, we froze in liquid nitrogen. We then ground
the tissue in liquid N2 using blue pestles and used the Zymo RNA-isolation kit
as before. For all samples, RNA integrity was checked with the Bioanalyzer RNA
Nano kit and quantified by Qubit.

For library generation, we used Lexogen Quantseq RNA-Seq using the man-
ufacturer’s protocol, with instructions for "Low input” for the sorted samples due
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to the TAIR10 genome using the STAR aligner, deduplicated using UMI-Tools,
and counted with HTSeq-Count. Counts were analyzed with edgeR. We defined
"expressed genes” to be those with observed reads in three or more libraries.
Raw reads have been deposited at the Sequence Read Archive under BioProject
PRINA857332.
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