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ABSTRACT
Abscission is a tightly regulated process in which plants shed unnecessary, infected, damaged, or aging organs, as well as ripe 
fruits, through predetermined abscission zones in response to developmental, hormonal, and environmental signals. Despite its 
importance, the underlying mechanisms remain incompletely understood. This study highlights the deleterious effects of abscis-
sion on chloroplast ultrastructure in the cells of the tomato flower pedicel abscission zone, revealing spatiotemporal differential 
gene expression and key transcriptional networks involved in chloroplast vesiculation during abscission. Significant changes in 
chloroplast structure and vesicle formation were observed 8 and 14 h after abscission induction, coinciding with the differential 
expression of vesiculation-related genes, particularly with upregulation of Senescence-Associated Gene 12 (SAG12) and Chloroplast 
Vesiculation (CV). This suggests a possible vesicle transport of chloroplast degrading material for recycling by autophagy-
independent senescence-associated vacuoles (SAVs) and CV-containing vesicles (CCVs). Ethylene signaling appears to be in-
volved in the regulation of these processes, as treatment with a competitive inhibitor of ethylene action, 1-methylcyclopropene, 
delayed vesiculation, reduced the expression of SAG12, and increased expression of Curvature Thylakoid 1A (CURT1A). In ad-
dition, chloroplast vesiculation during abscission was associated with differential expression of photosynthesis-related genes, 
particularly those involved in light reactions, underscoring the possible functional impact of the observed structural changes. 
This work provides new insights into the molecular and ultrastructural mechanisms underlying abscission and offers potential 
new targets for agricultural or biotechnological applications.

1   |   Introduction

The tomato fruit is an important source of essential vitamins, 
minerals, and fiber for human health and an important model 

organism for research on plants with fleshy fruits (Klee and 
Giovannoni  2011). It also serves as a model for developmen-
tal processes such as abscission (Bar-Dror et  al.  2011; Ito and 
Nakano  2015). During abscission, plants shed unneeded, 
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infected, damaged, or senescent organs and ripe fruits in a 
systemically regulated manner. Abscission occurs in the pre-
determined abscission zone (AZ) in response to developmen-
tal, hormonal, and environmental signals, but the complexity 
of the underlying anatomical, physiological, biochemical, and 
molecular mechanisms is not yet fully understood (Patterson 
et al. 2016).

The AZ of the tomato flower pedicel has been intensively stud-
ied over several decades due to its agricultural importance 
(Jensen, Valdovinos, and Jensen  1968; Bar-Dror et  al.  2011; 
Dermastia et al.  2012; Liu et al.  2014; Sundaresan et al.  2016, 
2020; Chersicola et al. 2017). As several findings emphasize that 
not all AZ cells behave the same (Bar-Dror et al. 2011; Dermastia 
et al. 2012; Chersicola et al. 2017), current research should focus 
on accurately linking molecular data to AZ physiology rather 
than applying non-AZ data to AZ. Using this new approach, 
two processes have been identified in tomato flower pedicel 
abscission: cell separation at the proximal side of the AZ and 
programmed cell death at its distal side. Both processes are as-
sociated with the action of ethylene and occur asymmetrically 
in the AZ (Bar-Dror et al. 2011; Dermastia et al. 2012; Chersicola 
et al. 2017).

Cell separation involves the dissolution of the middle lamella, 
the breakdown of the cell walls, and the subsequent forma-
tion of a protective layer (Roberts, Elliott, and Gonzalez-
Carranza  2002). Key proteins and metabolites are released 
through vesicle trafficking to target the cell wall and mid-
dle lamella of differentiating cells within the AZ. Vesicle 
trafficking in the AZ of the tomato flower pedicel is accom-
panied by a remarkable increase in the expression of genes 
responsible for vesicle transport. These genes encode soluble 
N-ethylmaleimide-sensitive factor attachment protein re-
ceptors (SNAREs), SNARE regulators, and small GTPases 
(Sundaresan et  al.  2020), which act by conventional protein 
secretion from the endoplasmic reticulum to the trans-Golgi 
network and plasma membrane (Wang et al. 2018). The prox-
imal side of the AZ of the tomato leaf and flower pedicel is 
additionally characterized by endoreduplicated nuclei as well 
as the formation of cytoplasmic paramural bodies and various 
types of membrane vesicles containing electron-dense mate-
rial (Bar-Dror et  al.  2011; Dermastia et  al.  2012; Chersicola 
et  al.  2017) that could be related to unconventional protein 
secretion (Wang et al. 2018).

Abscission of plant organs is usually associated with their senes-
cence (Roberts, Elliott, and Gonzalez-Carranza 2002), which is 
characterized by the transition from nutrient assimilation to re-
mobilization of nutrients (Avila-Ospina et al. 2014). In senescent 
leaves, a crucial step of these catabolic processes is the degrada-
tion of chloroplasts and the recovery of their nitrogen content 
(Avila-Ospina et al. 2014). Autophagy is thought to play a central 
role in this chloroplast degradation process during senescence. 
During this process, cytoplasmic components are engulfed and 
transported by autophagosomes to the vacuole for recycling 
(Magen et  al.  2022). In addition to autophagy, other mecha-
nisms that are independent of the core autophagy machinery 
may also contribute to chloroplast breakdown. Senescence-
associated vacuoles (SAVs) are specialized compartments that 
selectively degrade stromal chloroplast components and contain 

specific chloroplast components such as Rubisco and glutamine 
synthase but lack thylakoid proteins such as D1 and subunits 
of the reaction center of Photosystem II (Martínez et al. 2008; 
Gomez et al. 2019). Their main characteristics are cysteine pro-
tease activity and the presence of the senescence-associated 
protease Senescence-Associated Gene 12 (SAG12) (Avila-Ospina 
et al. 2014). SAVs do not target the central vacuole but exhibit 
independent proteolytic activity (Martínez et al. 2008). In con-
trast to SAVs and autophagy, additional chloroplast vesicula-
tion in Arabidopsis mobilizes chloroplast matrix, envelope, and 
thylakoid proteins into the vacuole for degradation. The marker 
protein for these vesicles is Chloroplast Vesiculation (CV), whose 
exact function is not known. Activation of the CV gene is in-
duced by senescence and abiotic stress and leads to the forma-
tion of CV-containing vesicles (CCVs), which are then mobilized 
into the vacuole (Wang and Blumwald 2014). In addition, several 
peripheral vesicles in plastids, including chloroplasts, have been 
reported to play a role in ongoing, active, and protein-mediated 
vesicle transport in the context of thylakoid biogenesis (Lindquist 
and Aronsson 2018). The formation and accumulation of chloro-
plast vesicles associated with altered thylakoid membranes have 
been observed in mutants of chloroplast localized Rab GTPase 
CPRabA5e, Curvature Thylakoid 1 (CURT1) A and C, Thylakoid 
Formation 1 (THF1), and SNOWY COTYLEDON 2 (SCO2) pro-
teins (Wang et al. 2004; Tanz et al. 2012; Armbruster et al. 2013; 
Karim et al. 2014). Small vacuoles and vesicles originating from 
unknown sources were also observed in the gradually degraded 
chloroplasts of tomato flower pedicel AZ (Chersicola et al. 2017).

There is a broad consensus on vesicle formation in response to 
stress in plant processes, based primarily on the identification 
of process-specific proteins in vesicle structures. However, the 
literature on the ultrastructure of these vesicles is remarkably 
sparse and the studies that do address vesiculation generally 
discuss its ultrastructure in the context of the initial reports. 
Moreover, vesiculation at the ultrastructural level during abscis-
sion has never been studied.

In this work, a detailed ultrastructural analysis of the chloro-
plasts and cytoplasmic vesicles in the proximal and distal sides 
of the flower pedicel of tomato AZ was performed, together with 
a detailed spatial and temporal transcriptional study of AZ genes 
to investigate a possible link between the chloroplast changes 
that follow the onset of flower pedicel abscission and the expres-
sion of genes putatively involved in vesiculation. In addition, 
the original transcriptomic data were reanalyzed (Sundaresan 
et al. 2016; Wilkinson et al. 2016) and combined with interaction 
network analysis to find new crosslinks between the signaling 
pathways involved in vesiculation during abscission processes. 
The results showed that two vesiculation processes that are in-
dependent of autophagy occurred during tomato flower pedicel 
abscission and are at least partially dependent on ethylene.

2   |   Material and Methods

2.1   |   Plant Material and Growing Conditions

The experimental conditions were as previously described 
(Chersicola et al. 2017). In brief, tomato plants (Solanum lyco-
persicum cv. VF36) were grown in growth chambers at 25°C, 
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75% humidity, and a 16/8-h day/night cycle. One day before sam-
pling, all already opened flowers were removed from the plants 
so that only flowers that had opened the night before the exper-
iments could be used. Flower clusters with up to four flowers 
were detached on the day of treatment and kept in 150-mL water 
in Erlenmeyer flasks.

2.2   |   Treatment With 1-Methylcyclopropene (1-
MCP)

The treatment of pedicels with 1-MCP was performed as pre-
viously described (Chersicola et al. 2017). The 1-MCP was pre-
pared from 0.14% SmartFresh powder (AgroFresh Inc., Rohm 
and Haas Company, Philadelphia, United States) mixed with 
water (80 mg in 2 mL), resulting in an estimated concentration 
of 1000 ppb (v/v) of 1-MCP in the treatment chamber, according 
to the manufacturer's instructions. Half of the detached flower 
clusters were treated by exposing the flower clusters to an atmo-
sphere of 1 μL l−1 1-MCP in 50-L airtight chambers for 2 h prior 
to the induction of abscission.

2.3   |   Induction of Abscission and Sampling

Untreated pedicels of tomato flowers were sampled for gene 
expression and ultrastructural studies prior to abscission in-
duction (0 h). Abscission was induced by removing flowers. In 
1-MCP-treated flowers, abscission was also induced by remov-
ing flowers and further exposed to 1-MCP for 8 h. 1-MPC-treated 
and untreated abscission-induced pedicels were sampled after 
8 h for gene expression and ultrastructure studies and after 14 h 
for ultrastructure observation only.

2.4   |   Ultrastructural Analysis by Transmission 
Electron Microscope (TEM)

Details of sample preparation for TEM are described else-
where (Bar-Dror et  al.  2011; Chersicola et  al.  2017). Pieces of 
plant tissue containing the AZ were fixed with glutaralde-
hyde and osmium tetroxide, embedded in Agar 100 resin, cut 
into ultrathin sections, and examined using the CM 100 TEM 
(Philips, Amsterdam, Netherlands). Images were captured with 
the ORIUS SC200 CCD camera (Gatan Inc., Washington DC, 
United States).

2.5   |   Histological Sections and Laser 
Microdissection

The pedicels were excised with a razor blade and fixed in 3.7% 
formaldehyde, 50% ethanol, and 5% glacial acetic acid overnight 
at 4°C. Samples were then dehydrated through an increasing se-
ries of ethanol and tertiary butyl alcohol concentrations and em-
bedded in Paraplast Plus (Sherwood Medical, United Kingdom). 
Then, 10-μm-thick longitudinal sections were cut with a ro-
tary microtome (Autocut 2040 Reichert-Jung, Germany) and 
placed on MembraneSlide 1.0 PEN slides (Zeiss, Germany), de-
paraffinized in xylene, and the water removed from the tissue 
using 100% ethanol. Distal and proximal AZ regions as well as 

distal and proximal tissue regions outside the AZ of the pedi-
cel were dissected from consecutive tissue slices (n = 5) using 
a laser microdissection microscope (PALM MicroBeam, Zeiss, 
Germany) and collected in AdhesiveCap 500 plastic tubes 
(Zeiss, Germany). The tubes were snap frozen in liquid nitrogen 
and stored at −80°C.

2.6   |   Estimation of Vesicle and Thylakoid Volume 
Densities

Vesicles and thylakoids in chloroplasts were measured in 
TEM micrographs of chloroplasts. The number of chloroplast 
images examined was 23 for 0 h (control), 23 for 8 h, and 6 for 
14 h after the flower pedicel abscission induction and 15 and 
26 for 0 and 8 h after abscission induction in the presence of 
MCP. An unbiased point counting grid was overlayed over 
each chloroplast image in FIJI (Schindelin et al. 2012) using 
the Multipurpose grid.ijm macro (Mironov  2017). The chlo-
roplast reference space was evaluated using sparse points 
corresponding to 0.16 μm2 while the vesicles and thylakoids 
were evaluated using dense points corresponding to 0.01 μm2. 
The relative structure volume (volume density) in the chlo-
roplast reference space was calculated by dividing the area 
corresponding to points hitting the structure by the area of 
points in the entire chloroplast reference space. Data were im-
ported and analyzed in R Version 4.3.3 (R Core Team 2023). 
Box plots were generated using the core R boxplot function, 
and difference between the group means was explored using 
the Kruskal–Wallis test followed by Dunnett's test with Šidák 
correction.

2.7   |   Gene Expression

RT-qPCR was performed to assess the expression of five tar-
get genes associated with vesiculation: SAG12, CV, CURT1A, 
CURT1B, and CURT1C, using Cytochrome C Oxidase (COX) as 
previously validated reference gene (Bar-Dror et al. 2011; Müller 
et al. 2015) (Tables S1 and S2).

Total RNA was isolated from the collected tissue slices using 
RNeasy FFPE kits (Qiagen, Germany), according to the man-
ufacturer's instructions. Quantitative reverse transcription 
real-time PCR (qPCR) was performed with samples from three 
biological replicates in a PCR machine (ViiA 7TM Real-Time 
PCR System, Applied Biosystems, Thermo Fisher Scientific, 
United States). Gene expression assays were designed using 
the Custom TaqMan Gene Expression Assays Service (Applied 
Biosystems, Thermo Fisher Scientific, United States). The ex-
pression assays and the reagents of the One-Step RT-PCR AgPath 
ID Mastermix (Life Technologies, Thermo Fisher Scientific, 
United States) were used according to the manufacturer's in-
structions. The qPCR was performed in a final reaction volume 
of 5 μL containing 2 μL RNA and 3 μL reaction mix. The rela-
tive expression of the target and reference genes was determined 
using the standard curve quantification method. QuantGenius 
(http://​quant​genio​us.​nib.​si) was used for quality control, stan-
dard curve–based relative gene expression quantification, and 
imputation of values below level of detection or quantification 
(LOD, LOQ) (Baebler et al. 2017).

http://quantgenious.nib.si
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2.8   |   Data Analysis

Data analysis was performed in R (v4.3.2) (R Core Team 2023). A 
few missing values at random were imputed using random forest 
(R package missForest v1.5) (Stekhoven and Bühlmann 2012). The 
permutation-based t-test (R package MKinfer v1.1) (Kohl  2024) 
was used to denote differences between the specific treatment and 
the control within the corresponding tissue sections.

In addition, we reanalyzed transcriptomic data deposited in 
NCBI's Gene Expression Omnibus (Edgar, Domrachev, and 
Lash 2002) and accessible via GEO Accession Number GSE45355 
(Sundaresan et al. 2016). Experiments using this microchip were 
performed exactly as the experiments in this study, and samples 
of the same cv. VF-36 were collected at the same time points after 
the induction of the flower pedicel abscission by flower removal. 
Analysis was performed for the comparisons of interest (time 
points 8 and 14 h) using the interactive web tool GEO2R (with 
normalization and limma precision weighting options) (Barrett 
et al. 2013). The filtered results (adjusted p value < 0.05, (Table S3) 
were visualized in MapMan v3.7.0 (Usadel et al. 2009) using the 
ITAGv3.2 mapping file from GoMapMan (Ramšak et al. 2014).

Orthologue translation between Arabidopsis (query, proteome ver-
sion Araport11) and tomato (subject, proteome version ITAG4.1) 
was performed using BLAST+ reciprocal best hit (RBH) search 
(R package orthologr v0.4.0) (Drost et al. 2015). For visualization 
purposes, orthologue pairs were prioritized based on scores, such 
as the highest identity, query, subject, and alignment length ratios, 
as well as ITAG3.2 and ITAG4.1 gene descriptions and MapMan 
annotations. In the case of many-to-many matches, when identical 

Arabidopsis identifiers matched identical tomato identifiers with 
similar scores, the identifiers were collapsed (Table S3).

In addition, using the Stress Knowledge Map (SKM) (Bleker 
et al. 2024), a subnetwork was created using the shortest path 
approach (R package igraph v1.5.1) (Csárdi and Nepusz  2006) 
between the nodes of interest (PCR estimated proteins, phyto-
hormones and stress signaling molecules, and photosynthesis 
photosystem and phytochrome-related molecules), based on a 
ranking system for interaction reliability considering Ranks 0 
(highest), 1, and 2 (Table S4) (Bleker et al. 2024). The experimen-
tal data were superimposed on a subnetwork and visualized in 
Cytoscape (v3.9.1) (Shannon et al. 2003).

3   |   Results

3.1   |   Significantly Altered Ultrastructure 
of Tomato Flower Pedicel Cells Is Associated With 
Vesicle Formation

The abscission of the tomato flower pedicel was generally ac-
companied by the appearance of different types of vesicles and 
small vacuoles (Figure 1B, C). Some of them, such as the para-
mural bodies (Figure 1D), have already been reported (Bar-Dror 
et al. 2011; Dermastia et al. 2012). In this study, we investigated 
the possible origin of other observed vesicles.

The increased formation of chloroplast vesicles up to 14 h postab-
scission induction is accompanied by a reduction in thylakoid 
volume.

FIGURE 1    |    Vesicles and vacuoles in the cells of the tomato flower pedicel abscission zone (AZ) following flower removal to induce abscission. 
(A) Schematic overview of the flower pedicel showing the abscission fracture plane from which the TEM micrographs were taken. Eight hours after 
abscission induction, various vesicles are visible in the cytoplasm (B, C) and within chloroplasts (C), as well as paramural bodies (D). Abbreviations: 
c, chloroplast; n, nucleus; v, vacuole; pmb, paramural body. Orange arrows indicate different types of vesicles in the cytoplasm, while the blue arrow 
marks vesicles located in the chloroplast.
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Using TEM, we examined the extent of chloroplast changes in the 
tomato flower pedicel AZ, as well as on the distal and proximal 
sides of the AZ, 8 and 14 h after abscission induction (Figure 2). 
Compared to the control at 0-h time point, some ultrastructural 
changes were visible in the thylakoids 8 h after the abscission in-
duction. These changes gradually increased over time, reaching a 
peak at approximately 14 h after abscission induction, coinciding 
with the completion of AZ layer separation and termination of ab-
scission (Meir et al. 2010; Chersicola et al. 2017). Notably, the ves-
icles were not present in the noninduced control (Figure 2A–C), 
and not all chloroplasts were affected simultaneously to the same 
extent. The phenotypic changes in chloroplasts on the distal and 
proximal sides of the AZ were largely similar. The most promi-
nent alteration was the reorganization of thylakoid architecture, 
with grana stacks reorganizing faster than the stroma lamellae 
(Figure  2E–G, I, marked with yellow arrows). Progressive deg-
radation of the thylakoids consistently coincided with the ap-
pearance of vesicles (Figure 2D–I). Eight hours after abscission 
induction, vesicles were observed aligning with the chloroplast en-
velope (Figure 2D–F). In the late phase of abscission, the most de-
graded chloroplasts exhibited vesicle distribution throughout the 
entire chloroplast stroma (Figure 2G–I). During vesiculation, the 
grana stacks became highly compressed, with minimal luminal 
space, while stromal lamellae were considerably shortened and 
densely compacted (Figure 2E–G, I, marked with yellow arrows).

Unbiased stereological analysis of TEM micrographs was used 
to estimate the volume density of vesicles and thylakoids within 

chloroplasts during abscission (Figure  S1). After induction of 
abscission, vesicles were clearly visible and accounted for ap-
proximately 6% ± 1% (mean ± SE) of the chloroplast volume at 
8 h, increasing to 12% ± 3% by 14 h (Figure S1A). Concurrently, 
thylakoid volume decreased significantly from 24% ± 1% in 
control samples to 18% ± 2% after the induction of abscission 
(Figure S1B).

Chloroplast vesicles were formed from several tubular struc-
tures located at the periphery of the thylakoid (Figure  3A). 
These vesicles eventually protruded from the edges of the 
thylakoid membrane and fused with the inner membrane of 
the chloroplast envelope (Figure  3A). In addition, budding 
vesicles were observed emerging from certain chloroplasts 
(Figure 3B).

3.2   |   1-MCP Treatment Delays Vesicle Formation

Since ethylene is necessary for abscission in both Arabidopsis 
and crop plants, we tested the hypothesis that some of the 
observed changes in the chloroplasts may be associated with 
action of ethylene. To investigate this, we pretreated detached 
flower clusters with 1-MCP, a competitive inhibitor of ethylene 
action, which is known to delay pedicel abscission for at least 
20 h (Meir et al. 2010). The effects of 1-MCP were assessed 8 h 
after abscission induction. In comparison to samples where 
abscission was induced but not treated with 1-MCP, a trend 

FIGURE 2    |    Ultrastructure of chloroplast vesiculation during the induction of abscission in tomato flower pedicels. Tomato flower pedicels were 
sampled before abscission induction (0 h, A–C) and at 8 (8 h, D–F) and 14 h after induction (14 h, G–I). The locations of the TEM micrographs relative 
to the AZ are shown schematically (right). The letters A–I in the schematic overview correspond to the TEM micrographs, indicating the sampled 
parts of the pedicel. c, chloroplast; n, nucleus; v, vacuole. Blue arrows point to vesicles in chloroplasts, and yellow arrows point to altered thylakoids.
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of reduced vesicle formation in chloroplasts was observed 
(Figure 4).

3.3   |   Differential Expression of Genes Associated 
With Vesiculation in AZ Is AZ Tissue Specific

Reanalysis of transcriptional metadata (Table  S3) confirmed 
the differential expression of genes associated with chloroplast 
vesiculation in the AZ of tomato flower pedicels (Table  1), 
aligning with findings from other experimental systems not 
involved in the abscission process. Within 14 h following ab-
scission induction, transcript levels of SAG12 (Solyc02g076910) 
and CV (Solyc08g067630) showed substantial changes, with a 
9-fold and 6.75-fold increase, respectively. However, this sig-
nificant upregulation primarily occurred within the first 8 h, 
with only moderate increases between 8 and 14 h. This early 
transcriptional pattern was consistent across all genes exam-
ined. Eight hours after abscission induction, CPRabA5e and 
SCO2/CYO1 were significantly upregulated, while CURT1A, 

CURT1B, CURT1D, CPSAR1, and Fuzzy onion-like (FZL) were 
downregulated. No significant differential expression was 
observed for CURT1C, THF1, or Vesicle-Inducing Protein in 
Plastids 1 (VIPP1) compared to the time point prior to abscis-
sion induction.

Building on our previous studies (Bar-Dror et  al.  2011; 
Chersicola et  al.  2017, 2018), which clearly showed the spa-
tial separation of gene expression and corresponding proteins 
across cell layers in both the tomato leaf petiole and flower 
pedicel AZs, we further investigated the spatial transcrip-
tional dynamics of five target genes related to chloroplast ve-
siculation using RT-qPCR. This analysis was conducted 8 h 
after abscission induction, a time point aligning with most of 

FIGURE 3    |    Vesicle formation in chloroplasts of the tomato flower 
pedicel AZ. Vesicles pinch off from the thylakoids 14 h after abscission 
induction (A) and bud from the chloroplast (B). The abscission fracture 
plane, from which the TEM micrographs were taken, is shown sche-
matically in the lower-left panel. v, vacuole. Solid blue arrows indicate 
vesicles within the chloroplasts, while the dotted blue arrow highlights 
a vesicle budding from the chloroplast.

FIGURE 4    |    Treatment with 1-MCP partially prevents vesiculation 
in the AZ. (A) Eight hours after abscission induction in samples treated 
with 1-MCP, the chloroplast structure remained unaffected, and fewer 
vesicles formed compared to the untreated control. The abscission frac-
ture plane from which the TEM micrographs were taken is shown sche-
matically (lower right). Blue arrows point to vesicles in chloroplasts. (B) 
Vesicle volume density in chloroplasts in the flower pedicel abscission 
zone following induction of abscission. The relative volume of vesicles 
was estimated using an unbiased point counting grid on TEM micro-
graphs (n = 23, 15, 23, and 26 for 0 h − MCP, 0 h + MCP, 8 h − MCP, and 
8 h + MCP, respectively) of individual chloroplasts. Differences between 
the group means were analyzed using the Kruskal–Wallis test followed 
by Dunnett's test with Šidák correction. Groups labeled with different 
letters have significantly different means (p < 0.05). Box plots show me-
dians and interquartile ranges.
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the changes observed in the reanalyzed transcriptomic data. 
The experiment included both the proximal and distal AZs, 
as well as adjacent cell layers (Figure 5, Figure S2). While the 
overall gene expression trends mirrored those in the entire 
AZ (Table  1), several differences were in individual AZ tis-
sues (Figure 5, Figure S2). Notably, these spatially distributed 
differences in gene expression were not accompanied by cor-
responding variations in vesicle formation within specific AZ 
cell layers at the ultrastructural level.

Eight hours after abscission induction, there was a significant 
downregulation of CURT1A. Within the AZ, CURT1A ex-
pression was notably lower than in the tissues proximal and 
distal to the AZ, with the lowest levels observed in the distal 
AZ (Figure 5A, Figure S2). In contrast, CURT1B and CURT1C 
showed only a moderate decrease within the AZ and proximal 
tissues, and their expression was slightly higher in distal tissues. 
CV and SAG12 expression levels were elevated in all tissues com-
pared to the uninduced control, with the highest levels found in 
the distal AZ (Figure 5A, Figure S2).

To explore the possible role of ethylene in regulating gene 
expression associated with vesiculation, we applied 1-MCP. 
In agreement with its known effect on delaying abscission 
(Meir et  al.  2010), gene expression at the 8-h time point in 
1-MCP-treated samples showed only slight differences from 
untreated controls at the 0-h time point (Figure 5B, Figure S2). 
However, 1-MCP treatment led to a slight increase in CURT1A 
expression in the proximal AZ. CURT1B was moderately 
upregulated in both proximal AZ and distal tissues, while 
CURT1C showed almost no differential expression. While 1-
MCP had a limited effect on CV expression, it significantly 
reduced SAG12 expression compared to untreated controls 
(Figure 5B, Figure S2).

When comparing untreated samples with those treated with 
1-MCP at the 8-h time point, 1-MCP had a notable effect on 
CURT1A and SAG12 expression. The treatment increased 
CURT1A expression while significantly decreasing that of 
SAG12, suggesting that these two genes are at least partially reg-
ulated by ethylene (Figure 5C, Figure S2).

3.4   |   Functional Connections Between Genes 
Involved in Vesiculation

The interactivity of the different processes contributing to 
vesicle formation in the cells during the abscission process 
of the tomato flower pedicel was assessed using the SKM 
(Bleker et al. 2024) and visualized using Cytoscape (Shannon 
et al. 2003) (Figure 6, Table S4). SKM serves as a central hub 
for research on plant responses to stress and integrates knowl-
edge from multiple sources, including recent research articles 
and established resources such as KEGG, STRING, MetaCyc, 
and AraCyc. Unlike other aggregated resources, SKM offers 
unique capabilities such as the conversion of biochemical 
knowledge into various mathematical models, the integration 
of multiomics experiments, and interactive access to con-
stantly updated information.

We used SKM to consolidate existing knowledge on genes in-
volved in flower pedicel abscission with data on chloroplast 
vesiculation collected during this study. This analysis provides 
partial insight into how the temporal transcriptional activity of 
specific genes affects interconnected genes and thereby influ-
ences the ultrastructure of chloroplast vesiculation. The anal-
ysis revealed three main subnetworks. SKM confirmed several 
known pathways associated with abscission, including IAAs, 
JAZs, EIN3, WRKY57, and MYC2, and paved the way to SAVs 

TABLE 1    |    List of genes putatively associated with vesiculation and differentially expressed in the tomato flower pedicel AZ at 8 and 14 h after 
abscission induction. Reanalysis of GSE45355 (Sundaresan et al. 2016) for comparisons of interest using Geo2R (Barrett et al. 2013). In the experiment, 
the AZ was not divided into individual layers. Fold changes (FC) calculated as log2FC are as follows: 8 versus 0, that is, 8 h after abscission induction 
compared to control before induction; 14 versus 0, that is, 14 h after abscission induction compared to control before induction; 14 versus 8, that 
is, 14 h after abscission induction compared to 8 h after induction. The color intensity corresponds to the extent of the fold changes. The relative 
expression levels are shown in red (upregulation) and blue (downregulation).

Gene ID Gene name 8 vs. 0 log2FC p 14 vs. 0 log2FC p 14 vs. 8 log2FC p

Solyc02g076910 Sag12 5.56 0.01240 9.18 0.00072 3.47 0.00467

Solyc08g067630 CV 5.66 0.00155 6.75 0.00041 1.11 0.02341

Solyc01g067530 CPSAR1 −1.34 0.00046 −1.48 0.00026 −0.12 0.75952

Solyc01g095430 CURT1A −1.10 0.00134 −0.88 0.00837 0.21 0.46992

Solyc10g005050 CURT1B −1.09 0.00049 −1.78 0.00001 −0.74 0.02552

Solyc06g066620 CURT1C −0.23 0.45500 −0.48 0.13300 −0.28 0.16084

Solyc11g010480 CURT1D −1.22 0.00073 −1.20 0.00051 0.01 0.98525

Solyc09g098170 CPRabA5e 0.67 0.00955 0.68 0.00205 0.01 0.97565

Solyc07g054820 THF1 0.19 0.46900 0.47 0.10800 0.30 0.24290

Solyc11g008990 VIPP1 0.13 0.51600 0.02 0.94800 −0.12 0.60415

Solyc09g065160 FZL −1.59 0.00035 −1.64 0.00005 −0.03 0.93870

Solyc01g108200 SCO2/CYO1 1.34 0.00012 0.99 0.00064 −0.38 0.10695
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via the transcription factor WRKY57 and to CCVs via the tran-
scription factor PIF4 (Figure 6). Like the expression patterns of 
vesiculation genes (Table  1), the main differential expression 
of genes in the revealed networks was observed at the 8-h time 
point (Figure 6).

3.5   |   Light Reaction–Related Genes 
of Photosynthesis Are Affected During Tomato 
Flower Pedicel Abscission

To determine whether the observed changes in chloroplast struc-
ture during flower pedicel abscission correlate with differential 
expression of photosynthetic genes, the final list of differentially 
expressed genes (Table S3) was imported into the MapMan soft-
ware (Usadel et al. 2009). This tool facilitates visually enhanced 
analysis by organizing the data into plant-specific biological 
processes and supporting ontology-based statistical analysis. 
This approach enables comprehensive biological interpretation 
and provides a global overview of the results. The analysis of 

differentially expressed genes mapped to photosynthetic path-
ways revealed a significant impact, particularly on the light re-
actions of photosynthesis, at 8 and 14 h postabscission induction 
(Figure 7).

At the 8-h time point, several Photosystem II genes were up-
regulated, with the largest change (2.4-fold) observed in CP47 
(Solyc01g050020), which encodes a protein of the Photosystem II 
antenna complexes. In addition, transcripts of other members of 
the Photosystem II antenna complexes, CP43 (Solyc01g056470, 
Solyc10g018840) and genes encoding Chlorophyll a/b-binding pro-
teins (Solyc03g005790, Solyc03g005770), were also increased after 
abscission induction (Figure 7A, Table S3). However, other genes 
mapped to Photosystem II, including those encoding various 
Chlorophyll a/b-binding proteins, were downregulated. In con-
trast, genes mapped to Photosystem I, electron chain, and ATPases 
were mostly slightly downregulated 8 h after abscission induction. 
Between 8 and 14 h, almost all differentially expressed genes in-
volved in light reactions were downregulated, especially those 
encoding Chlorophyll a/b-binding proteins (Figure 7B, Table S3).

FIGURE 5    |    Tissue-specific expression of genes associated with vesiculation 8 h after induction of tomato flower pedicel abscission in untreated 
samples and samples treated with 1-MCP. Expression of vesiculation-related genes was measured using qPCR in laser microdissected tissue samples 
from regions indicated in the schematic overview of the tomato flower pedicel. Relative expression levels are shown as fold change (log2FC). Red 
indicates upregulation, and blue indicates downregulation compared to control samples before abscission induction or untreated samples 8 h after 
abscission induction.
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Notably, compared to the light reactions of photosynthesis, 
the genes involved in the Calvin cycle were less differen-
tially regulated during flower pedicel abscission. Large-chain 
genes (rbcL) of ribulose-1,5-bisphosphate carboxylase 
(RuBisCO) (Solyc11g013730, Solyc12g062540, Solyc07g021190, 
Solyc10g047430, Solyc02g077860, Solyc12g062560, 

Solyc07g021200, Solyc04g039840, Solyc00g203660, 
Solyc01g007330), which are encoded by chloroplast DNA and 
contain the active site responsible for nearly all carbon fixation 
on Earth (Kellogg and Juliano 1997), were only slightly, but not 
significantly, downregulated (Table S3). In contrast, genes en-
coding the small RuBisCO chains, imported from the cytosol 

FIGURE 6    |    Visualization of derived subnetworks involving chloroplast vesiculation, superimposed with tomato experimental data. Red rep-
resents upregulation, and blue represents downregulation in samples: (A) 8 h after abscission induction compared to control samples before abscis-
sion induction, (B) 14 h after abscission induction compared to 8 h after abscission induction, and (C) 14 h after abscission induction compared to 
control samples before abscission induction. Different line types (solid, dashed, and dash–dotted) represent different interaction type ranks (0, 1, and 
2) (https://​skm.​nib.​si/​).

https://skm.nib.si/
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into the stromal compartment of chloroplasts (Solyc02g085950, 
Solyc03g034220, Solyc02g085940), showed a significant de-
crease in transcript abundance (Table  S3). Conversely, the 
Solyc07g017950 gene, which also encodes a small RuBisCO 
chain, increased more than twofold (Table S3). The significance 
of these differences in gene expression remains unclear, given 
the limited understanding of the function of the small subunits 
(Badger and Sharwood 2023).

It is currently unknown whether or how these changes in 
photosynthesis-related gene expression are associated with the 
observed vesicle load. In addition, it remains unclear whether 

these transcriptional changes are part of the abscission process 
itself or a consequence of it.

4   |   Discussion

4.1   |   Old Observations, Rare Investigations

The vesiculation of chloroplast has already been observed since 
the earliest studies with TEM. For a long time, however, the 
prevailing opinion was that the vesicles were artifacts of sam-
ple preparation. Subsequent studies on wild-type plants and 
mutants, examined under different conditions such as ambient 
temperature (Morre et al. 1991) and presence or absence of in-
hibitory substances, have confirmed their consistent presence 
in chloroplasts (Lindquist and Aronsson  2018). These vesicles 
are thought to play a role in the assembly and maintenance of 
the inner chloroplast membranes. Structures similar to those de-
scribed by this study were observed in early TEM micrographs 
from the late 1960s and early 1970s, appearing as invaginations 
of the inner chloroplast membrane or as cytoplasmic vesicles 
in the flower pedicel AZs of tomato and tobacco (Jensen and 
Valdovinos  1967; Valdovinos, Jensen, and Sicko  1972). While 
their potential role in the abscission process has never been di-
rectly investigated, abundant evidence from this and previous 
studies (Bar-Dror et al. 2011; Dermastia et al. 2012; Chersicola 
et al. 2017) suggests that vesicles in chloroplasts and the cyto-
plasm of tomato AZ cells are regularly associated with the ab-
scission process. Nevertheless, it remains unclear whether these 
vesicles play an active role in abscission or are merely a byprod-
uct of it.

Interestingly, despite the involvement of cell separation and 
programmed cell death in tomato abscission process, which are 
asymmetrically distributed within the AZ (Bar-Dror et al. 2011; 
Dermastia et al. 2012; Chersicola et al. 2017), no significant dif-
ferences were detected in the number or morphology of vesicles 
formed at the proximal and distal AZ during abscission of the 
flower pedicel (Figure 2). However, a spatially differential dis-
tribution of gene expression associated with vesiculation was 
observed (Figure 5). This discrepancy could be attributed to the 
involvement of several other genes associated with vesicle for-
mation during flower pedicel abscission, as identified through 
the SKM (Bleker et al. 2024) (Figure 6).

4.2   |   Proteins Associated With Vesiculation 
During the Abscission Process

Several proteins are implicated in chloroplast vesicle transport, 
as mutant plants lacking or overexpressing these proteins show 
changes in the presence of vesicles (Wang et  al.  2004; Tanz 
et al. 2012; Armbruster et al. 2013; Karim et al. 2014). However, 
their roles in abscission have never been explored. Our tran-
scriptional reanalysis of genes involved in tomato flower pedi-
cel abscission, associated with chloroplast vesiculation in prior 
studies, revealed differential expression of several key genes 
(Table 1).

The most significant finding was the strong induction of CV 
and SAG12 genes, which are linked to autophagy-independent 

FIGURE 7    |    Schematic representation of genes involved in the light 
reactions of photosynthesis 8 and 14 h after induction of tomato flower 
pedicel abscission. Each gene is represented by a colored square. Red 
indicates upregulation, and blue indicates downregulation compared to 
control samples before abscission induction: (A) 8 h after abscission in-
duction, (B) 14 h after abscission induction compared to 8 h after induc-
tion, and (C) 14 h after abscission induction compared to control sam-
ples before induction. Only differentially expressed genes are shown. 
Data are from the list of genes differentially expressed in the tomato AZ 
flower pedicel at 8 and 14 h after abscission induction (Table S3). In this 
experiment, AZ was not divided into individual layers.
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degradation pathways involving CCVs and SAVs. CV encodes a 
chloroplast-targeted protein involved in both natural and stress-
induced senescence (Wang and Blumwald 2014), accumulating 
in CCVs. These vesicles bud from chloroplasts and are then de-
livered to vacuoles for degradation, a process associated with 
swelling of thylakoid membranes and disassembly of the chlo-
roplast. This mechanism involves interaction of CV with the 
Photosystem II subunit PsbO1 (Wang and Blumwald 2014) and 
with the clathrin heavy chain, facilitating vesicle transport from 
the inner chloroplast envelope membrane toward the cytosol 
(Pan et al. 2023). The latter step is suppressed by the oxidized 
glyceraldehyde-3-phospahte dehydrogenase (Pan et  al.  2023). 
Supporting this, two genes encoding the clathrin heavy chain 
(Solyc05g052510, Solyc06g051310) and PsbO1 (Solyc04g017770) 
were upregulated during tomato flower pedicel abscission, 
while several genes encoding glyceraldehyde-3-phospahte dehy-
drogenase (Solyc05g005820, Solyc06g071920, Solyc02g020940, 
Solyc12g094640, Solyc10g005510, Solyc04g009030) were down-
regulated (Table S3). These findings suggest the observed ves-
icles during abscission induction might correspond to CCVs 
(Figures 2D–I and 3, marked with blue arrows). These vesicles, 
which budded from chloroplasts 8 h after abscission induction, 
appeared to aggregate in later stages of abscission, potentially 
as a response to abscission-related stress (Westphal, Soll, and 
Vothknecht 2001; Ahouvi et al.  2023). Gene encoding SAG12, 
the most common senescence-associated protease localized 
in SAVs (Martínez et  al.  2008; Avila-Ospina et  al.  2014), was 
strongly upregulated, suggesting that some vesicles observed 
in the cytoplasm of the AZ cells in the tomato flower pedicel 
might correspond to SAVs (Figure 1B, C, marked with orange 
arrows). Although the exact transfer mechanisms of chloroplast 
material into CCVs and SAVs remain poorly understood (Otegui 
et al. 2024), the upregulation of their marker genes indicates that 
both pathways play roles in degradation of chloroplast proteins 
during tomato flower pedicel abscission. This supports the exis-
tence of separate degradation pathways for Photosystem II and 
Photosystem I proteins during abscission. SAVs, for instance, 
are not involved in the degradation of Photosystem II proteins 
(Gomez et al. 2019), whereas CCVs interact with the Photosystem 
II subunit PsbO1, localized in the thylakoid membrane (Wang 
and Blumwald  2014). Several PsbO1-encoding genes were 
differentially expressed during abscission (Solyc04g017770, 
Solyc07g032620, Solyc07g032610, Solyc00g005900) (Table S3).

The expression of genes that encode CURT1 proteins, which 
are involved in thylakoid biogenesis by inducing membrane 
curvature and their mutants have altered thylakoid architec-
ture (Armbruster et al. 2013), was also studied. Among CURT1 
genes, only CURT1A was significantly downregulated during 
the flower pedicel abscission (Table 1, Figure 5). While single 
CURT1A depletion is unlikely to explain high vesicle forma-
tion (since vesicular structures in chloroplasts appear only oc-
casionally in double (curt1ac), triple (curt1abc), or quadruple 
(curt1abcd) mutants; Armbruster et al. 2013), the altered thyla-
koid structure observed after abscission induction—character-
ized by unstacked membrane regions and broader stacks with 
fewer layers (Figure  2E–G, I, marked with yellow arrows)—
could be partially linked to CURT1A downregulation.

Other genes related to chloroplast vesiculation, including those 
involved in vesicle transport through the Golgi apparatus and 

post-Golgi trafficking pathways, were also differentially ex-
pressed in our study. For example, a gene FZL involved in ves-
icle trafficking (Liang et  al.  2018), was downregulated during 
abscission (Table 1). A recent study on regulatory genes involved 
in vesicle trafficking during flower pedicel abscission shows the 
expression of SNARE receptors, SNARE regulators, and small 
GTPases (Sundaresan et  al.  2020), including the orthologs of 
FZL. The role of these proteins in vesicle budding is supported 
by studies on CPSAR1 (Khan, Lindquist, and Aronsson 2013), 
a protein found in the chloroplast envelope, stroma, and vesi-
cles (Garcia et al. 2010), and CPRabA5e, which participates in 
thylakoid biogenesis and vesicle transport and interacts with 
CURT1A and the light-harvesting Chlorophyll a/b-binding 
protein of Photosystem II (Lindquist and Aronsson 2018). The 
differential expression of FZL, CPSAR1, and CPRabA5e, as well 
as CURT1 genes and genes encoding Chlorophyll a/b-binding 
proteins, suggests there is still an unexplored role during the ab-
scission (Tables 1 and S3).

In addition, the gene expression of SCO2 that encodes a pro-
tein disulfide isomerase localized in chloroplasts, thought to 
be involved in the integration of LHCB1 proteins in thylakoids, 
was also upregulated in AZ. The mutants sco2 with disrupted 
chloroplast biogenesis also display increased vesicle formation 
(Tanz et al. 2012). Vesicles similar to those observed here have 
been reported in the Arabidopsis mutant lacking VIPP1 (Kroll 
et al. 2001) or THF1 (Huang et al. 2013), both of which influ-
ence thylakoid organization. However, insignificant changes in 
VIPP1 and THF1 expression, alongside undifferentiated LHCB1 
expression, make these proteins unlikely candidates for the ob-
served vesicles (Figure 2).

Finally, we considered vesicular trafficking of chloroplast com-
ponents into vacuole during the flower pedicel abscission via 
autophagy-dependent bodies involving the ATG8-interacting 1 
protein (ATI1) (Michaeli et al. 2014). While three ATG8 genes 
(Solyc01g068060, Solyc02g080590, Solyc03g031650) (Table  S3), 
which play central role in autophagy (Bu et al. 2020), were sig-
nificantly upregulated (Table  S1), ATI1 was not differentially 
expressed. In addition, one of the two genes encoding the other 
two proteins involved in the process of chlorophagy in the vac-
uole, CHMP1B (Solyc03g121360, Solyc08g028770) (Table  S3), 
was down regulated, while CHMP1A was not differentially ex-
pressed. This suggests that vacuole chlorophagy is not an im-
portant mechanism during abscission.

4.3   |   New Pathways Resulting From 
the Reconstructed Network Are the Basis for New 
Research

The reconstructed network of possible interactions between 
genes involved in vesiculation during abscission revealed in-
teresting new pathways that can be analyzed in the future to 
elucidate the process of tomato flower pedicel abscission. The 
network shows three subnetworks loosely connected by the 
transcription factors WRKY57, PIF4, and AGL15 (Figure 6).

The first subnetwork which is connected to a convergence node 
for jasmonic acid and auxin-mediated signaling pathways is 
organized around WRKY57 (Jiang et  al.  2014) and connects 
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JAZs and IAA genes to SAG12. It shows that the senescence 
process as part of abscission is regulated by multiple develop-
mental and environmental factors involving a crosstalk be-
tween jasmonic acid and auxin signaling, in which WRKY57 
is a common component as a repressor of JA-induced leaf se-
nescence. WRKY57 also represses the transcription of SAG12 
(Jiang et al. 2014). The strong induction of SAG12 expression 
during tomato flower pedicel abscission was consistent with 
only slight upregulation of WRKY57 8 h after abscission induc-
tion and no differential expression 14 h after abscission induc-
tion (Figure 6).

This subnetwork is loosely connected to the second sub-
network through the transcription factors EIN3, a key reg-
ulator of ethylene signaling (Dolgikh, Pukhovaya, and 
Zemlyanskaya 2019), and MYC2 (Luo et al. 2023) (Figure 6), 
a key transcriptional regulator of JA-induced gene activation. 
In the second subnetwork, several genes, including CV, are 
clustered around the transcription factor PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4) from the bHLH (basic 
helix–loop–helix) family of transcription factors (Figure  6). 
PIFs play a crucial role in various signaling pathways, such 
as responses to abiotic and biotic stress, hormone signaling, 
temperature-induced responses, and developmental processes 
such as senescence and seed and fruit development (Xu and 
Zhu  2021; Sharma et  al.  2023). Many recent reports show 
that PIF4 is directly associated with many of its target genes 
to modulate global transcriptome gene expression levels and 
is involved in many developmental processes such as senes-
cence via phytochrome signaling (Xu and Zhu 2021; Sharma 
et al. 2023). PIF4 has been reported to promote heat-induced 
leaf senescence by enhancing the expression of genes such as 
IAA29 and IAA19, among others. These results are consis-
tent with the time point 8 h after abscission induction, when 
PIF4 was not differentially expressed, but IAA29 and IAA19 
were significantly downregulated, while CV was upregulated 
(Figure  6A). Fourteen hours after abscission induction, PIF4 
was downregulated consistent with lower CV transcript and 
nondifferentially expressed IAA29 and IAA19 (Figure 6B).

The third subnetwork bridges the first subnetwork with CURT1 
genes and is connected to the second subnetwork via the MADS 
domain transcription factor AGAMOUS-LIKE 15 (AGL15) 
(Figure  6). AGL15 is an important transcription factor that 
regulates abscission (Patharkar and Walker 2018) and is a neg-
ative regulator of abscission when it transiently accumulates 
in flower buds (Fernandez et al. 2000). It has been shown that 
the breaking strength of petals initially decreased but was then 
maintained at an intermediate value over a longer period of 
time. Abscission-related gene expression and structural changes 
were also altered in the presence of ectopic AGL15 (Fernandez 
et al. 2000). AGL15 showed a similar temporal expression pat-
tern to WRKY57 during the abscission of the tomato flower ped-
icel (Figure 6).

5   |   Conclusions

The discovery and confirmation of chloroplast vesiculation have 
greatly enhanced our understanding of chloroplast structure 
and function. Initially dismissed as artifacts, these vesicles have 

now been consistently observed in various plastids of both wild-
type and mutant plants under diverse conditions, emphasizing 
their biological importance. This study revealed their poten-
tial role in abscission, a process that is crucial for plant devel-
opment and response to environmental stimuli. While further 
studies are needed, it is notable that the expression of SAG12 
and CURT1A genes appears to be at least partially regulated by 
ethylene, and the inhibition of ethylene action by 1-MCP delayed 
chloroplast vesicle formation. Exploring the functional signifi-
cance of chloroplast vesiculation, particularly in the context of 
abscission, could provide valuable insights into its role beyond 
membrane dynamics. Understanding its involvement in pro-
cesses like abscission opens promising avenues to enhance our 
knowledge of plant biology and identify targets for agricultural 
or biotechnological applications.
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