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ABSTRACT

Silicon is recognized for its protective role under (a)biotic stress, yet its influence on fruit ripening remains
largely unexplored. Here, ‘Hayward’ kiwifruit was used as a model to investigate the effects of external Si
application on placenta and pericarp ripening. Silicon predominantly accumulated in placenta and pedicel
junction, resulting in delayed ripening. This delay was associated with altered ethylene signaling, particularly via
modulation of AP2/ERF transcription factors, and modifications in cell wall structure, including increased ara-
binogalactan proteins and altered homogalacturonan methyl-esterification. Also, silicon induced tissue-specific
metabolic shifts, notably in sugars, organic acids, and polyphenolic biosynthesis, including the anthocyanin—
proanthocyanidin branch point. Extensive transcriptomic reprogramming following silicon application, espe-
cially in placenta, highlighted its key role in early silicon responses. Proteins such as lipoxygenase, 60S ribosomal
protein L28 and carboxypeptidases were commonly regulated in both pericarp and placenta during late cold
storage, suggesting roles in ripening initiation. Proteogenomic integration identified conserved elements, like 1-
aminocyclopropane-1-carboxylate oxidase, and highlighted post-transcriptional regulation under cold storage.
Comparison with calcium-treatment data revealed partially overlapping silicon—calcium responses, including
ethylene suppression and structural remodeling. These findings establish silicon as a novel regulator of kiwifruit
ripening and provide a valuable resource for exploring its role in kiwifruit and other fruits.

1. Introduction

and Chen, 2020). As cell-wall disassembly drives fruit softening, Si can
reinforce wall structure and modulate wall-loosening enzymes, thereby

Silicon (Si), the second most abundant element in the Earth’s crust,
plays a crucial role in enhancing plant resistance to a range of biotic and
abiotic stresses, including drought, salinity and pathogen attacks
(Coskun et al., 2016; Wang et al., 2017; Frew et al., 2018). Beyond its
protective effects, Si also promotes plant growth and productivity in
many species (Pontigo et al., 2015). Extracellularly, Si contributes to
structural integrity through covalent bonding with cell wall compo-
nents. It is proposed to interact with polysaccharides and lignin, thereby
initiating biosilicification and strengthening cell wall integrity (Sheng
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delaying texture loss (Wang et al., 2024). Moreover, Si has been shown
to upregulate genes associated with hormone signaling, including
ethylene-related genes (Coskun et al., 2019), supporting the idea that Si
may regulate multiple ethylene-mediated pathways in plants.

While much of the existing research on Si in plant physiology has
focused on its role in stress resistance, its effects on fruit ripening remain
less understood, despite increasing evidence that Si may influence crit-
ical ripening processes in climacteric fruit. Foliar Si application reduced
ethylene production and enhanced firmness by modulating the activities
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of pectinase, polygalacturonase, pectin methylesterase, and f-galacto-
sidase; delaying pectin and cellulose degradation; and consequently,
extending tomato shelf life (Wang et al., 2024). In ‘Fuji’ apples Si
treatment improved fruit firmness and peel coloration while increasing
levels of key primary metabolites such as sorbitol, fructose and malic
acid (Karagiannis et al., 2021). Although evidence is still limited, Si
appears to induce tissue-specific responses in fruit. Foliar Si applications
influence endogenous Si levels in different apple tissues, such as fully
expanded leaves, annual shoots, the fruit outer pericarp, and mesocarp,
highlighting a close link between Si accumulation and its biological
effects (Karagiannis et al., 2021). Interestingly, the ripening-related
metabolic pathways activated in apple fruit by Si may differ between
skin and flesh tissues (Karagiannis et al., 2021). Yet, little is known
about how exogenously applied Si shapes endogenous Si distribution
within fruit tissues and how this, in turn, modulates the fruit’s metabolic
network.

Kiwifruit, an increasingly important fruit crop worldwide, exhibits
unique postharvest ripening characteristics that differ from those of
typical climacteric fruits. Although classified as climacteric, cultivars
such as ‘Hayward’ require low-temperature exposure to trigger ripening,
highlighting the involvement of ethylene-independent, cold-induced
regulatory mechanisms (Minas et al., 2018). Unlike classic climacteric
fruits such as tomato, apple and banana, where softening coincides with
ethylene production, kiwifruit softening occurs before the onset of
endogenous ethylene synthesis (McAtee et al., 2015). Autocatalytic
ethylene is generated only during the final ripening stages, once the fruit
attains consumer-ready softness, creating a relatively narrow window of
optimal edibility (Atkinson et al., 2011). This temporal separation be-
tween softening and ethylene production, combined with its
cold-inducible ripening, makes ‘Hayward’ kiwifruit an excellent model
for studying the role of silicon in post-cold ripening processes.

Dynamic ripening changes (e.g., in sugars, acids, and firmness) and
multi-omics analysis have been reported in te kiwifruit pericarp (Zeng
et al., 2025), the main nutritive tissue for consumers. Nevertheless, the
placenta (core or columella) also undergoes substantial metabolic and
textural modifications during ripening. Our previous studies showed
that the expression of genes and proteins associated with cell wall
degradation and ethylene biosynthesis in placenta often lags that of the
pericarp (Ainalidou et al., 2016; Polychroniadou et al., 2022a,b; Poly-
chroniadou et al., 2024; Valasiadis et al., 2024; Kollaros et al., 2025),
emphasizing its importance, alongside the pericarp, in regulating the
whole-fruit ripening process. It is noteworthy that, similar to Si, calcium
(Ca) is a key structural component of the cell wall that influences fruit
softening (Hocking et al., 2016). Calcium application delays kiwifruit
ripening, as indicated by reduced ethylene production and slower soft-
ening, accompanied by changes in cell wall architecture, including
arabinogalactan levels, homogalacturonan methyl-esterification and
expression of ethylene-related transcription factors, particularly the
AP2/ERF-ERF (Polychroniadou et al., 2024). Beyond these structural
roles, Si can alleviate the effects of Ca deficiency in cabbage leaves (Silva
et al. 2021), suggesting that Si and Ca may act through overlapping
pathways. However, research on the Si-Ca interplay remains limited,
and elucidating the mechanisms underlying their interaction during
fruit ripening remains a challenge.

In this study, using ‘Hayward’ kiwifruit as a model, we investigated
how Si influences fruit ripening. We hypothesized that exogenous Si
application would elevate internal Si levels and modulate ripening-
related pathways and outcomes. To test this, we first characterized the
effects of Si application on internal Si distribution in kiwifruit, followed
by physiological and metabolomic analysis of pericarp and placenta
tissues during cold storage and subsequent post-cold ripening. Elevated
Si levels were associated with early and extensive transcriptomic
reprogramming, particularly in placenta, leading to delayed ripening
after cold storage. To further elucidate Si-associated responses, we
conducted proteomic profiling of both tissues during prolonged cold
storage. By integrating transcriptomic and proteomic datasets, we
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applied a proteogenomic approach to dissect tissue-specific Si effects.
Moreover, we extended this analysis by integrating data on Ca-induced
ripening delay in ‘Hayward’ fruit (Polychroniadou et al., 2024),
providing new insights into the shared and distinct mechanisms by
which Si and Ca modulate kiwifruit ripening. These findings support the
development of Si-based strategies to enhance fruit quality and control
ripening.

2. Materials and methods
2.1. Plant material and silicon applications in kiwifruit

The experiment was conducted in a commercial orchard in Pieria
(North Greece) consisted of 12-year-old kiwifruit (Actinidia chinensis var.
deliciosa (A. Chev.) A. Chev. ‘Hayward’). Vines planted at 5 x 4 m be-
tween rows and along the row, respectively, in a T-bar training system.
To study the pre-harvest Si application, five foliar applications with
5mg L™! (52 pM) orthosilicic acid (Agrology SA) were performed at 12,
24, 48, 82 and 125 days after full bloom (DAFB). Silicon was applied to
six vines, while another six unsprayed marked vines served as the con-
trol. Control and Si-treated kiwifruits (500 fruit of each treatment) were
harvested (150 DAFB) at commercial maturity [pericarp tissue firmness
71.7 + 3.5 N, placenta tissue firmness 174.5 + 6.9 N, soluble solid
concentration (SSC) 7.5 + 0.2 %, dry matter 17.3 + 0.2 %, titratable
acidity (TA) 1.7 + 0.1 %]. Following harvest, total fruits were imme-
diately transported to Pomology Laboratory of Aristotle University of
Thessaloniki for postharvest Si treatment. Uniform kiwifruit from both
control and Si-sprayed trees were immersed either in Si solution
(20 mg L™! or 208 pM orthosilicic acid) or in sterile deionized water
(dH20) for 20 min. Subsequently, experimental fruits were subjected to
the following four treatments (N = 250 fruit for each treatment): Control
(dH,0 foliar application and post-harvest dipping), Si-foliar (Si foliar
application and dHO post-harvest dipping), Si-dipping (dH2O foliar
application and Si post-harvest dipping), and Si-combination (Si foliar
application and Si post-harvest dipping). It is noteworthy that the foliar
and dipping Si concentrations used were selected based on preliminary
experiments concerning their effect on fruit firmness (Supplementary
Fig. S1, Supplementary Table S1). Thereafter, all kiwifruits were cold
stored (0 °C, RH 95 %) for 80 days (defined as ‘cold’) and then were
allowed to ripen at room temperature (20 °C) for 7 days (defined as
‘ripening’). Samples of pericarp (without skin and seeds) and placenta (3
replicates x 5 fruits for each condition) were collected 24 h after Si
immersion (20°C) as well as during cold (80 days at 0 °C) and ripening (7
days at 20 °C), frozen in liquid nitrogen and stored (-80 00).

2.2. Distribution of silicon content across different kiwifruit tissues

Following 24 h of Si immersion treatment, kiwifruits were washed
with dH20 and then separated into the exocarp, 1st layer and 2nd layer
of pericarp, joint fruit pedicel area and central placenta. Silicon content
was determined at 650 nm (Tecan infinite M200 PRO), according to
Karagiannis et al. (2021) using a standard solution of Si (1 g L’l, Pan-
reac, Barcelona, Spain) and Si-test (Silicic Acid, Spectroquant, Merck,
Germany). Each specific tissue consisted of six independent biological
replicates in a bunch of 5 fruits per replicate (6 replicates x 5 fruits).
Silicon content data across kiwifruit tissues (expressed in mg L™1) are
provided in Supplementary Table S1.

2.3. Kiwifruit ripening characteristics

The soluble solids concentration (SSC, %) and titratable acidity (TA)
was measured (3 replicates x 4 fruits) according to Tanou et al. (2015).
Pericarp and placenta firmness were estimated using a Texture Analyzer
(TA.XT.PlusC, Stable Microsystems, Surrey, UK) on 12 fruits per treat-
ment (3 replicates x 4 fruits), following the methodology described by
Polychroniadou et al. (2022b). Respiration rate and ethylene production
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were assessed (3 replicates x 4 fruits) through gas chromatography
(Shimadzu GC-2014, Kyoto, Japan; Minas et al., 2018). Weight loss (%)
was determined in 18 kiwifruits per treatment (3 replicates x 6 fruits), as
described (Polychroniadou et al., 2022b). Physiological measurements
and statistical data are given in Supplementary Table S1.

2.4. Localization of cell wall epitopes through immunolabeling using
confocal laser scanning microscopy (CLSM)

Kiwifruit samples (3 replicates x 2 fruit for each treatment) were
fixed and processed following Meidani et al. (2019). Semi-thin trans-
verse sections (0.5-2 um) embedded in LRW resin were prepared using
either a Reichert-Jung Ultracut E or ULTROTOME III ultramicrotome.
Sections were placed on glass slides and either immunostained or
stained with 0.5 % toluidine blue O. For immunostaining, sections were
incubated with primary antibodies (1:40 dilution in 0.1 % BSA) at 4°C
for 24 h, then washed four times with PBS. Antibodies used included
JIM5 for demethylesterified homogalacturonans (Knox et al., 1990),
JIM11 for extensins (Smallwood et al., 1994), and LM30 (rat IgM
monoclonal) for arabinogalactan proteins (Wilkinson et al., 2017), all
from PlantProbes (University of Leeds, UK). Secondary anti-rat antibody
labeled with AlexaFluor 488 (1:200 dilution in 1 % BSA) was applied at
4°C in the dark for 24 h, followed by PBS washes and mounting in Dako
Fluorescent Mounting Medium. Sections were also stained with 0.05 %
Calcofluor-white in PBS for 5 min. Fluorescent samples were examined
using a Zeiss Observer Z1 microscope with LSM780 CLSM or a Zeiss
Axioplan microscope with UV and DIC optics. Toluidine-stained sections
were viewed under the Axioplan. Imaging was done with ZEN2011/2.0
software and processed with Adobe Photoshop CC 2015 using linear
adjustments only.

2.5. Metabolome preparation, profiling and analysis

Pericarp and placenta tissues from control and Si-treated kiwifruits
(3 replicates x 5 fruit for each treatment) were collected at harvest, cold
storage, and ripening stages. Primary polar metabolites were extracted
and analyzed following Valasiadis et al. (2024) with minor modifica-
tions. Briefly, 0.5 g tissue was extracted with methanol and adonitol
(internal standard), incubated, sonicated, and centrifuged. The super-
natant was mixed with chloroform and water, centrifuged again, and the
aqueous phase dried under vacuum. Samples were derivatized with
methoxyamine hydrochloride and MSTFA, then analyzed by GC-MS
(PerkinElmer Clarus SQ 8 S) as described by Michailidis et al. (2018).
Metabolites were identified using standards and the NIST11 library and
quantified relative to adonitol (Supplementary Table S2).

Polyphenolics in pericarp and placenta samples were analyzed by
HPLC-DAD-MS (Agilent 1260 Infinity II) (Kollaros et al., 2025).
Freeze-dried tissue (0.05 g) was extracted with 70 % methanol + 1 %
formic acid, sonicated, centrifuged, and filtered. Samples (5 pL) were
run on a C18 column with a 20-100 % acetonitrile gradient over 25 min
at 30 °C. Detection used DAD (230-380 nm) and MS (full scan
135-700 m/z, SIM mode) with nitrogen gas. Data were processed with
Openlab; peaks were identified and quantified against standards
(Supplementary Table S2).

2.6. RNA extraction, transcriptome preparation and RNA sequencing
profiling

Total RNA was extracted from pericarp and placenta tissues (three
biological replicates of five control and Si-treated fruit, 24 h post-
application) using the Monarch Total RNA Miniprep Kit (NEB)
(Valasiadis et al., 2024). Poly-A libraries were prepared with the Illu-
mina TruSeq Stranded RNA Kit and quality-checked via Agilent 5300
Fragment Analyzer. Sequencing was performed on an Illumina Novaseq
6000. Reads were trimmed with Trim Galore (Krueger et al., 2023)
(Q>28), then aligned to the Actinidia chinensis Hong Yang v3 genome
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(Wu et al., 2019) using Hisat2. Gene counts were obtained with HTSeq
(parameters: -s reverse —type=gene) and normalized to TPM, followed
by filtering, Log, transformation, and z-score scaling. PCA and hierar-
chical clustering were performed on normalized data. Differential
expression analysis was done with edgeR (Robinson et al., 2010); genes
with g-value < 0.05 were considered significant. DEG annotation used
the KEGGREST R package. Gene expression profiles (Log, fold change)
and statistical significance between control and Si-treated fruit for both
pericarp and placenta samples are provided (Supplementary Tables S3,
S4, S5). The transcriptome data from this article have been deposited in
NCBI Sequence Read Archive in the Bio-Project PRINA1297378.

2.7. Gene expression analysis by reverse transcription-quantitative PCR
(RT-gPCR)

Total RNA was extracted from frozen kiwifruit tissues (3 replicates x
5 fruit) using the Monarch Total RNA Miniprep Kit (New England Bio-
Labs) (Valasiadis et al., 2024). LunaScript® RT SuperMix Kit (New En-
gland Biolabs) was used for cDNA synthesis through reverse RNA
transcription in a PCR system (ProFlex, Thermo Fisher Scientific).
Analysis was performed in a QuantStudio® 5 Real-Time PCR System
(Thermo Fisher Scientific) as described (Michailidis et al., 2019). Primer
sequences used in RT-qPCR validation assays are listed in Supplemen-
tary Table S6.

2.8. Proteomic analysis by mass spectrometry

For proteomic analysis, three biological replicates (pool of 5 indi-
vidual fruit) of pericarp and placenta from control and Si-treated kiwi-
fruits at 80 days cold storage were used. Samples were extracted and
processed for proteomic analysis according to the sp3 tryptic digestion
protocol (Hughes et al., 2019). Protein extracts were quantified via
nanodrop (Thermo Fisher Scientific) and analyzed in two technical
replicates by nano-LC-MS/MS using a Q Exactive Orbitrap HF, as pre-
viously described by Polychroniadou et al. (2024). To uncover the full
dynamics of our proteomic investigation, total protein identification was
performed following two different approaches, thus creating two
distinct proteomic datasets; (a) a dataset (so called ‘Unique Peptides’)
was generated by filtering out all peptide spectra corresponding to
multiple Protein IDs and keeping only one-to-one pairs and (b) a dataset
(so called ‘Protein Groups’) including all peptide spectra identified,
regardless of the number of Protein IDs they matched. Basic proteomic
analysis was performed using the ‘Unique Peptides’ dataset, whereas in
depth exploration of transcriptomic-proteomic interactions at both Si
and Ca conditions was performed using the ‘Protein Groups’ dataset.
Statistical analysis between control and Si samples was done in Perseus
1.6.15.0 using a background-based t-test with SO = 0.1 and FDR= 0.05
(Tyanova et al., 2016). Proteins were annotated using the kiwifruit
genome database (https://kiwifruitgenome.org/). Protein expression
profiles (Log; fold change) across kiwifruit tissue are provided in Sup-
plementary Table S7. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2025) partner repository with the dataset identi-
fier PXD067733.

2.9. Proteo-transcriptomic study of silicon effects in kiwifruit ripening

To investigate the impact of Si on the expression profile of kiwifruit,
we combined our transcriptomic and proteomic data into a consensus
dataset (expressed as TPM and intensity, respectively) based on common
IDs. Integration was performed using R (v. 4.4.0), considering only the
transcripts corresponding to proteins with valid values across at both
transcriptomic and proteomic levels (1294 Gene IDs, Supplementary
Table S10) using the procedure described by Skodra et al. (2023). Kernel
density plots were generated after normalization of transcript/protein
abundances (Logjp+1) using the command “geom_density” through
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“ggplot2” (v3.5.0; Wickham, 2016) package. To investigate the corre-
lation between transcriptome and proteome kiwifruit profiles, Pearson
correlation analysis was performed using the R package “corrplot”
(v0.84; Wei and Simko, 2024) (with modifications) and “Performance
Analytics” (v2.0.4; Peterson, Carl, 2024) was used to create the heatmap
and histogram-chart plots.

2.10. Integrated meta-analysis of transcriptomic and proteomic dataset
following silicon and calcium treatments in kiwifruit ripening

To investigate common and distinct expression patterns of Si and/or
Ca effects on kiwifruit ripening, we integrated the Ca-based tran-
scriptomic and proteomic datasets from Polychroniadou et al. (2024)
with those generated for Si. Data integration was performed using R (v.
4.4.0), considering only the transcripts and proteins respectively with
valid values across both Si and Ca datasets. To explore co-expression
modules among Si- and Ca-transcriptomic and proteomic data respec-
tively, Weighted Gene Corellation Analysis (WGCNA) was performed
(Langfelder and Horvath, 2008). The soft thresholding power $ was used
to compute gene expression adjacencies. To reduce noise and false as-
sociations, these adjacencies were transformed into a topological over-
lap matrix (TOM), and the corresponding dissimilarities (dissTOM) were
calculated as 1-TOM. Transcripts and proteins were hierarchically
clustered using dissTOM as the distance metric. The eigengenes of each
module were calculated and clustered based on their correlations
(Zhang and Horvath, 2005), with a threshold of 0.2 used to merge
modules. Module eigengenes served as representatives of gene
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expression patterns within each module (Langfelder and Horvath,
2008). Co-expression network was constructed using weighted edges
and visualized with Cytoscape (v.3.9.1) (Shannon et al., 2003). The
Gene and Protein IDs included in co-expression modules that were
generated are provided in Supplementary Table S10.

2.11. Statistical analysis

The statistical analysis of all physiological traits and Si content was
conducted using SPSS (SPSS v27.0., Chicago, IL, USA) by one-way
ANOVA or by multivariate analysis of variance (MANOVA). Control
and silicon-treated underwent metabolomic analysis utilizing analysis of
variance (ANOVA). Mean values were then compared through Duncan’s
post hoc test or Student’s t-test, with significance set at p < 0.05,
whereas principal components analysis (PCA) employed using ClustVis
software 2.0 (Metsalu and Vilo, 2015). Histograms were constructed
with GraphPad Prism 8.4.3. For RNA-seq data, hierarchical cluster
analysis (HC) and gene ontology (GO) enrichment analysis were con-
ducted using tools from KGD.

3. Results

3.1. Investigation of physiological changes in kiwifruit induced by silicon
treatment

To explore the tissue-specific effects of external Si application on
internal Si content, various kiwifruit tissues, including the fruit-pedicel
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Fig. 1. The effect of external-applied silicon (Si) on internal Si content, ripening characteristics and cell wall structure in ‘Hayward’ kiwifruit. Distinct layers of
kiwifruit (A) were examined regarding their Si content (in mg L™}, B) after exogenous Si application. Ripening characteristics, such as weight loss (%), respiration
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joint, central placenta, exocarp and first and second mesocarp layers,
were analyzed (Fig. 1, Supplementary Table S1). Silicon-treated fruits
showed increased Si content compared to controls, with the highest
levels observed in fruits receiving combined foliar and dipping treat-
ments (Fig. 1). The fruit-pedicel joint and central placenta accumulated
the highest Si levels under dipping and combined treatments, whereas
foliar-only applications led to lower Si concentrations in the mesocarp
layers (Fig. 1). To characterize ripening changes following Si treatment,
several physiological parameters were measured (Fig. 1, Supplementary
Table S1). Silicon-treated fruits showed reduced weight loss during cold
and ripening stages. They also exhibited lower respiration and ethylene
production at both stages. Interestingly, all Si treatments resulted in
higher firmness in both pericarp and placenta (Fig. 1); however, Si
showed no effect on kiwifruit edible quality parameters such as SSC and
TA (Supplementary Fig. S1).

To assess the effect of silicon Si on fruit histology, toluidine blue
staining was performed on all Si-treated samples. Comparative analysis
of control and treated tissues revealed that Si application did not alter
fruit tissue morphology (Fig. 1E). The cellular structure and intercellular
spaces in the epidermis, hypodermis, and mesocarp remained normal
and comparable to those of the control (Fig. 1E). To further explore
potential modifications in cell wall composition, specific cell wall epi-
topes were analyzed using fluorescent microscopy (Fig. 1E, F). The re-
sults showed a reduction in demethylesterified homogalacturonans
(HGs), as detected by the JIM5 antibody, in all Si-treated samples. In
contrast, the LM30 antibody revealed increased levels of arabinoga-
lactan proteins (AGPs) following the combined Si foliar application and
postharvest dipping treatments (Fig. 1E, F). Detection of extensins using
the JIM11 antibody showed a reduction across the Si-treated samples,
with the most pronounced decrease observed in the combination treat-
ment involving both foliar and postharvest Si applications (Fig. 1E, F).

3.2. Metabolic changes induced by silicon in kiwifruit tissues at cold and
ripening

To investigate metabolic changes during ripening, we conducted
wide-targeted metabolomic profiling of pericarp and placenta at harvest
(control) and postharvest stages (cold and post-cold ripening) (Fig. 2A).
Distinct tissue-specific profiles were observed; for example, isocitric acid
was found only in placenta while more polyphenols were detected in
pericarp (nine vs. seven) (Fig. 2A). Principal component analysis (PCA)
of pericarp metabolites showed 42.7 % total variance (PC1: 28.7 %,
PC2: 14.0 %) and clearly separated preharvest (spray) from postharvest
(dipping, combination) Si treatments. In placenta, PCA grouped samples
based on postharvest conditions (PC1: 20.0 %, PC2: 17.6 %), with PC2
separating controls from Si-treated samples and PC1 distinguishing
ripening-stage Si treatments. PCA comparing pericarp and placenta
revealed 54.4 % total variance (PCl: 42.8 %, PC2: 11.6 %; Fig. 2A)
showing strong tissue-specific differences regardless of treatment. Tight
clustering of biological replicates confirmed reproducibility.

Silicon treatments influenced the levels of several primary and sec-
ondary metabolites in kiwifruit tissues (Fig. 2B, Supplementary
Table S2). For example, in pericarp, glucose and sorbitol increased
during cold and ripening under all Si treatments while sucrose specif-
ically increased under dipping and combination treatments at cold
(Fig. 2B). In placenta, mannose and ribose were absent whereas fructose
(the dominant sugar) was elevated during ripening under Si. The
placenta also contained more amino acids than pericarp, with serine
consistently reduced by Si at all stages. Most polyphenols in placenta
increased by Si treatments whereas the pericarp exhibited the opposite
trend. These data suggest that Si induced tissue-specific metabolic
changes in kiwifruit, particularly altering sugar, amino acid and poly-
phenol profiles, with distinct responses observed across tissues and
stages.
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3.3. Identification of silicon-responsive genes in kiwifruit tissues

Given the strong impact of the combined Si spray and dipping
treatment on ripening (Fig. 1), we conducted RNA-seq analysis on
pericarp and placenta tissues collected 24 h after this treatment (dipping
of pre-sprayed fruit), wusing untreated samples as controls
(Supplementary Table S3). Hierarchical clustering clearly distinguished
both tissues and treatment conditions (Fig. 3A). In pericarp, 915
differentially expressed genes (DEGs) were identified, with 604 upre-
gulated and 311 downregulated, whereas the placenta exhibited 2109
DEGs (999 upregulated, 1110 downregulated). A total of 277 DEGs were
common to both tissues, with 261 showing consistent expression pat-
terns (Fig. 3B; Supplementary Table S4). Functional enrichment analysis
of these common DEGs revealed major Gene Ontology (GO) categories
across molecular function (MF), biological process (BP) and cellular
component (CC) (Fig. 3C, Supplementary Table S4). The most enriched
BP term was "cellular process" (GO:0009987), with 174 DEGs in pericarp
(139 up- and 35 down-regulated) and 369 (212 up- and 157 down-
regulated) in placenta. For MF, "hydrolase activity" (GO:0016787) was
most represented, involving 165 DEGs (126/39 up/down in pericarp;
217/97 in placenta). In CC, the top category was "membrane"
(G0:0016020), with 273 DEGs (197 upregulated and 76 downregulated)
in pericarp, and over 600 DEGs (372 upregulated and 293 down-
regulated) in placenta (Fig. 3C). RNA-seq data were validated by RT-
qPCR (Supplementary Fig. S2).

Fig. 3D shows the top 10 up- and downregulated DEGs and the top 5
TFs in fruit tissues (Supplementary Table S4, S5). In pericarp, the most
upregulated DEGs were allergen-related, including AcMald1.1-1.3
(Actinidia40340/ Actinidia40327/ Actinidia40336; Major allergen d1)
and AcPruarl.1-1.5 (Actinidia40317/40315/40318/40321/40314;
Major allergen pru ar 1). In placenta, prominent upregulated genes
included AcMSRB (Actinidia23454; Peptide methionine sulfoxide
reductase msrB) and AcPEIN (Actinidial8484; Pectinesterase inhibitor).
Downregulated DEGs in pericarp included AcBON1 (Actinidia09992;
BON1-associated protein 2-like), AcXTH.2 (Actinidial1201; Xyloglucan
endotransglucosylase/hydrolase) and AcCDPK (Actinidia37768;
Calcium-dependent protein kinase) while in placenta, AcBON1 (Actini-
dia09992; BON1-associated protein 2-like) and AcXXT (Actinidial1975;
Xyloglucan 6-xylosyltransferase) were strongly repressed (Fig. 3D).
Among these genes, AcERF6 (Actinidial8633; Ethylene-responsive
transcription factor) was highly upregulated in pericarp and AcESE3
(Actinidial4109; Ethylene-responsive transcription factor) in both tis-
sues (Fig. 3D). Conversely, AcERF7 (Actinidia03102) was down-
regulated in pericarp while AcERF8 (Actinidia20249), AcERF9
(Actinidia26138) and AcERFTN (Actinidial4673) were downregulated
in placenta (Fig. 3D). A further analysis of the highly expressed (up- or
downregulated) DEGs with a common trend in both tissues is presented
in Supplementary Fig. S3.

As previously noted, 277 DEGs were commonly affected by Si in
pericarp and placenta (Fig. 3B; Supplementary Table S4), representing
strong hallmarks of Si action. Among these common DEGs, we identified
key groups related to cell wall modification, plant growth regulators and
calcium signaling (Fig. 3E, Supplementary Fig. S3A). Many cells wall-
related DEGs were consistently upregulated, including beta-
galactosidases (AcBGAL), pectinesterases (AcPE.6) and poly-
galacturonases (AcPG). Similarly, DEGs involved in plant growth regu-
lation, such as l-aminocyclopropane-1-carboxylate oxidase (AcACO),
gibberellin receptor (AcGREC) and gibberellin-regulated proteins
(AcGRP) showed upregulation in both tissues. In contrast, most calcium-
related DEGs were downregulated (Fig. 3E).

To explore Si-induced transcriptomic changes, we analyzed TFs
expression using the Kiwifruit Genome Database (KGD, https://k
iwifruitgenome.org/). In pericarp, 86 TFs were differentially expressed
(19 upregulated, 31 downregulated tissue-specifically), while 201 were
identified in placenta (60 upregulated, 105 downregulated tissue-
specifically) (Fig. 3F; Supplementary Table S5). Thirty-six TFs were
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Fig. 2. The impact of pre- and post-harvest Si application in kiwifruits metabolic profile in pericarp and placenta tissue at cold and ripening stages. (A) Principal
component analysis (PCA) of the polar metabolites detected in pericarp and placenta samples. Each condition is color-coded while measurement timepoints follow a
scheme pattern as shown in the legend. (B) Heatmap profile of the alterations in primary and secondary metabolism in pericarp and placenta after Si applications
(foliar, dipping, combination) at three timepoints (harvest, during cold storage; during post-cold ripening) compared to control. For primary metabolites, relative
quantification was performed using adonitol as internal standard. Heatmaps represent the abundance of metabolites expressed as Log2(fold change) compared to
control, following a colorimetric scale (green showing decreased level while pink increased). Not detected metabolites are represented as checked boxes. All
metabolite identification and quantification data are shown in Supplementary Table 2.
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Fig. 3. Transcriptome alterations in pericarp and placenta tissues of Si-treated kiwifruit. (A) Hierarchical Cluster Analysis (HCA) and (B) Venn diagrams of the
differentially expressed genes (DEGs) and transcription factors (TFs) between control and Si-treated fruit across tissues. Up (+)- and down (-)-regulated genes are
depicted. Transcripts with common alteration trend in both tissues are also shown in parentheses. (C) Functional analysis based on Gene Ontology (GO) regarding the
most abundant biological process (BP), molecular function (MF) and cellular component (CC) terms of the identified DEGs. Green bars the number of DEGs that were
up-regulated, grey bars the number of DEGs that were down-regulated. (D) Heatmaps presenting the 10 and 5 most up- and down-regulated DEGs and TFs
respectively (based on TPM abundance) in each tissue examined. Gene expression is depicted as Logz(Fold Change) compared to control, with pink representing
increased values and green decreased. (E) Heatmaps of DEGs related to cell wall, growth regulation and calcium-signaling pathways. Q-value, transformed to -Log10,
is also depicted following a grey scale. (F) Expression profiles (LogoFC) of differentially expressed TFs categorized in families. (G) Comprehensive integration of Si-
related DEGs and secondary metabolite profiles upon Si application. Each metabolite box represents the abundance measured in each condition (H; harvest, F; foliar,

D; dipping, C; combination). The expression profiles and statistical significance of all DEGs are shown in Supplementary Tables 3-5.

common to both tissues, with 35 showing consistent regulation (7
upregulated, 28 downregulated). These common TFs were classified into
nine families, with AP2/ERF-ERF being the most represented. Other
families included AUX/IAA, bHLH, C3H, GARP-G2-like, LOB, MYB-
related and WRKY (Fig. 3F, Supplementary Table S5).

To further assess Si impacts, we integrated transcriptomic and
metabolomic data to examine key Si-responsive pathways. This analysis
revealed that Si altered secondary metabolism in kiwifruit tissues
(Fig. 3G). For example, chlorogenic acid biosynthesis showed tissue-
specific activation, with wupregulation of shikimate O-hydrox-
ycinnamoyltransferase AcHCT.1 (Actinidia28154) and AcHCT.2 (Acti-
nidia28153) in both pericarp and placenta. Similarly, 4-coumarate:CoA
ligase genes Ac4CL.1 (Actinidia07016) and Ac4CL.2 (Actinidia33747)
were induced in pericarp while Ac4CL.3 (Actinidial2354) was specif-
ically upregulated in placenta. Genes involved in cinnamic acid forma-
tion, including phenylalanine ammonia-lyase AcPAL.1
(Actinidia08178), AcPAL.2 (Actinidia37468), AcPAL.3 (Actini-
dia33731) and AcPAL.4 (Actinidial1156) were upregulated in pericarp,
with AcPAL.4 also induced in placenta. The decrease in catechin levels in
pericarp (Figs. 2B, 3G) corresponded with downregulation of leucoan-
thocyanidin reductase genes AcLAR.1 (Actinidia05295) and AcLAR.2
(Actinidia30390). Moreover, Si-associated changes in epicatechin and
epigallocatechin content (Figs. 2B, 3G) may be linked to regulation of
anthocyanidin reductase AcCANR (Actinidial4254), a key enzyme at the
branch point between anthocyanin and proanthocyanidin biosynthesis
(Fig. 3G).

3.4. Proteomic insights into silicon-mediated regulation of kiwifruit
ripening

To understand the post-cold ripening changes induced by Si (Fig. 1),
proteins were extracted from representative pericarp and placenta at
cold stage. These samples were analyzed via nano LC-MS/MS and
differentially accumulated proteins (DAPs) were identified (Fig. 4,
Supplementary Table S7). A total of 90 DAPs were detected in pericarp
and 81 DAPs in placenta following Si treatment (Fig. 4A). Among DAPs,
72 showed significant changes in pericarp after Si application, compared
to 63 identified in placenta (Fig. 4B). In pericarp, the top five upregu-
lated proteins included two RNA-binding proteins (Actinidia28995;
AcRBP and Actinidial6127; AcRBP.2). Conversely, two carboxypepti-
dases (Actinidia03048; AcCP and Actinidia08026; AcCP.2) and one
defensin-like protein (Actinidia36588; AcDLP) were among the most
downregulated. In placenta, remarkable changes were observed in two
members of the lipoxygenase (LOX) family (Actinidial6290; AcLOX and
Actinidia30006; AcLOX.2), which displayed both up- and down-
regulation in response to Si treatment (Fig. 4B). This analysis also
revealed tissue-specific response patterns. Unlike the pericarp, the
placenta showed upregulation of a distinct carboxypeptidase (Actini-
dia30009; AcCP.3). Interestingly, an acetyl-coenzyme A synthetase
(Actinidia22874; AcAcs) was identified in both tissues, exhibiting
opposite abundance trends, upregulated in pericarp and downregulated
in placenta (Fig. 4B).

It is also notable that 18 DAPs were shared between tissues,
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Fig. 4. Proteomic changes in response to Si application in both pericarp and placenta tissues of kiwifruit after cold storage. (A) Volcano plots of differentially
accumulated proteins (DAPs) between control and Si-treated fruit (pink shows increase in abundance, green decrease). (B) Venn diagram shows the DAPs across each
tissue, while heatmaps include the top 5 upregulated and downregulated DAPs for each tissue and (C) the common DAPs of the two comparisons studied. (D) GO
analysis including the most abundant classes (BP, MF, CC) in Si-exposed kiwifruit. The abundance values (expressed as Log>FC) of DAPs in both pericarp and placenta

are shown in Supplementary Table 7.
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exhibiting opposite abundance trends depending on the kiwifruit tissue
examined (Fig. 4C); As example, among of the 10 proteins that showed
increased abundance in placenta were carboxypeptidase (Actini-
dia08026;AcCP.2), fasciclin-like arabinogalactan protein (Actini-
dial2696;AcFLA), tetraspanin (Actinidia07109;AcTSPAN), myosin
heavy chain-related protein (Actinidia22249;AcMYH), mannose-1-
phosphate guanyltransferase (Actinidia02374;AcManB) and annexin
(Actinidia09064;AcANX). (Fig. 4C). On the other hand, increased con-
tent of a photosystem II lipoprotein (Actinidia09875; AcPsb27), basic 7 s
globulin (Actinidia40187; AcBg7S) and acetyl-coenzyme A synthetase
(Actinidia22874; AcACSA) was found in pericarp of Si-treated kiwifruit
(Fig. 4C). Lastly, among the 18 DAPs commonly detected in both tissues,
an amine oxidase (Actinidia40185; AcCAO) and a programmed cell
death protein 5 (Actinidia39556; AcPDCDS5) were consistently increased
whereas ribulose bisphosphate carboxylase (Actinidia34904; AcRuBP)
was decreased in both tissues (Fig. 4C).

Functional enrichment analysis of the DAPs based on Gene Ontology
(GO) terms covering biological process (BP), molecular function (MF),
and cellular component (CC) is shown (Fig. 4D, Supplementary
Table S7). Silicon application led to distinct and tissue-specific proteo-
mic changes in kiwifruit pericarp and placenta after extended cold
storage, highlighting shared and unique protein alterations associated
with stress response, structural remodeling and metabolic regulation
(Fig. 4D). Cellular- and metabolism-related processes included a sig-
nificant number of downregulated pericarp proteins (14 and 11 proteins
respectively) in response to Si, whereas cellular and biosynthetic pro-
cesses in placenta were positively enriched (14 and 5 proteins respec-
tively; Fig. 4D). In placenta, translation-related proteins were
predominantly upregulated after Si treatment, in line with increased
abundance of proteins with catalytic, binding, hydrolytic, and transport
functions. Lastly, most pericarp proteins that decreased in abundance
were associated with plastids, whereas those that were increased were
primarily related to the cytosol. In general, enriched functional cate-
gories displayed contrasting abundance trends between tissues, reflect-
ing tissue-specific responses to Si. Pericarp showed decreased protein
levels across most GO terms, while the placenta exhibited upregulation,
indicating activation of internal response pathways.

3.5. Integrated proteo-transcriptomic analysis of Si-associated responses
in kiwifruit

To explore shared patterns of DEGs and DAPs in pericarp and
placenta, we integrated transcriptomic and proteomic datasets based on
common gene IDs. Kernel density plots illustrated transcript (TPM) and
protein abundance distributions in both tissues in response to Si
(Fig. 5A). Distinct expression patterns were observed between tran-
scripts and proteins; proteins displaying higher overall intensity levels,
whereas transcript density peaked in Si-treated pericarp (Fig. 5A).
Global correlation analysis revealed strong correlations within each
omics layer between pericarp and placenta, although protein abundance
differed between tissues. As expected, transcript-protein correlations
were low across all comparisons (Fig. 5B, C).

Proteo-transcriptomic analysis also identified 44 overlapping gene
IDs between DEGs and DAPs in pericarp and 82 in placenta (Fig. 5D).
Three were consistently detected across both tissues and datasets
analyzed: Actinidia05220 (UDP-glucose 4-epimerase; AcUGE), Actini-
dia22914 (Endochitinase; AcECHT) and Actinidia31693 (pathogenesis-
related protein PR-4-like; AcPRP4), with AcUGE and AcECHT showing
decreased protein abundance in pericarp (Fig. 5D). Using the Kiwifruit
Genome Database (https://kiwifruitgenome.org/) and functional
annotation, we identified key pathways affected by Si (Fig. 5F). In
pericarp, Si influenced ethylene biosynthesis I, cytosolic glycolysis, py-
ruvate dehydrogenase and the TCA cycle. In placenta, affected pathways
included gluconeogenesis I, cytosolic glycolysis, pyruvate dehydroge-
nase and TCA cycle (Fig. 5F). Because multiple DEGs may correspond to
a single DAP, we further examined transcript-protein pairs (Fig. SE,
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Supplementary Table S8). In pericarp, 15 pairs were co-upregulated and
3 co-downregulated, including upregulated Actinidial7241 (AcALVv-
SIP; Alkaline alpha-galactosidase seed imbibition protein), Actini-
dia32521 (AcUDPG; UDP-4-keto-6-deoxy-D-glucose 3), Actinidial1890
(AcIMPase; Inositol-1-monophosphatase) and downregulated Actini-
dia07886 (AcLHCP; Chlorophyll a-b binding protein), Actinidia34742
(AcPPIase; Peptidyl-prolyl cis-trans isomerase) and Actinidia01984
(AcAAT; Alpha-1 protein) (Fig. 5E). In placenta, 14 pairs were co-
upregulated and 11 co-downregulated, with prominent upregulated
pairs including Actinidia31332 (Cell division cycle protein 48-like pro-
tein; AcCDC48), Actinidia28900 (Cell division cycle protein 48-like
protein; AcCDC48), Actinidia40421 (Isocitrate dehydrogenase
[NADP]; AcIDH), and downregulated ribosomal proteins Actini-
dia24216/Actinidia07249 (AcRP) and aquaporin Actinidia00626
(AcAQP) (Fig. 5E). Together, this proteo-transcriptomic analysis
revealed that Si coordinated tissue-specific metabolic regulation in
pericarp and placenta, with limited transcript-protein correlation but
consistent modulation of ripening-related pathways, particularly
ethylene biosynthesis, glycolysis and TCA cycle.

3.6. Transcriptional and proteomic regulatory kiwifruit ripening changes
in response to silicon and calcium

The overarching aim of this study was to improve understanding of
element-induced delays in kiwifruit ripening. Given (1) the Si-induced
regulation of numerous calcium-related DEGs (Figs. 3E), (2) the over-
lapping localization of intracellular Ca?* signals and Si accumulation,
primarily spanning the inner to outer pericarp and vascular tissues of
‘Hayward’ fruit (Polychroniadou et al., 2024; see Figs. 1), (3) the
established role of Ca in delaying kiwifruit softening (Polychroniadou
et al., 2024), and (4) evidence that Ca and Si may synergistically
strengthen cell wall integrity (da Silva et al., 2021; Pavlovic et al. 2021),
we compared transcriptomic and proteomic data from our previous
Ca-treated pericarp study (Polychroniadou et al., 2024; available from
NCBI PRIJNA1012575 and PRIDE PXD046927, respectively) with the
current Si-treated dataset. The aim was to identify DEGs and DAPs
commonly regulated by both elements at early post-treatment stages.

Transcriptomic comparison revealed 13 DEGs 8 h after Ca applica-
tion and 839 DEGs 24 h after Si treatment (Fig. 6A). Among them, 76
DEGs were commonly affected by both treatments (Fig. 6A), with 73
consistently downregulated (Fig. 6B). Five calcium-related genes,
including Actinidia37768 (calcium-dependent protein kinase; AcCDPK),
Actinidia35289/Actinidia35290 (calcium-binding protein PBP1-like;
AcPBPI1L.1/2) and Actinidia21957/Actinidia38214 (calcium-binding
protein; AcCBP.3/4) were downregulated in response to both Si and Ca.
Several ethylene-responsive TFs, such as Actinidia03102, Actini-
dial3612 and Actinidia35241 were also consistently downregulated.
GO analysis of these 76 DEGs revealed enrichment in biological process
(BP) category biosynthetic process (GO:0009058, 14 DEGs). In MF, the
most enriched terms were binding (GO:0005488, 20 DEGs) and hydro-
lase activity (GO:0016787, 11 DEGs), while in the CC category was
membrane (GO:0016020, 17 DEGs) (Fig. 6C).

A similar comparison of proteomic datasets identified 764 DAPs after
Ca treatment and 528 after Si, with 126 common DAPs to both (Fig. 6D).
Of these, 12 proteins were consistently down-accumulated and 50 were
consistently up-accumulated (Fig. 6E). The strongest Si-induced down-
regulation was observed in Actinidia25754 (glyceraldehyde-3-phos-
phate dehydrogenase; AcGAPDH) while Ca reduced Actinidia21554
(ATP synthase subunit mitochondrial; AcATP5F1A). In contrast, pro-
teins such as Actinidia21497 (26S proteasome regulatory subunit 6 A;
AcPSMC3) and Actinidia20470/Actinidia31993 (fructose-bisphosphate
aldolase; AcFBA/ AcFBA.2) were strongly up-accumulated by both
treatments (Fig. 6E). GO analysis of the DAPs showed cellular process
(GO:0009987, 43 DAPs) as the most enriched BP terms. In MF category,
binding (GO:0005488, 33 DAPs) was most enriched while in CC cate-
gory membrane (GO:0016020, 31 DAPs) showed the highest
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Fig. 5. Integration analysis of proteome and transcriptome dataset following Si application in kiwifruit. (A) Density plots of transcripts (TPM) and proteins for both
control and Si treatment regarding pericarp and placenta tissues. Pearson correlation analysis shown as (B) heatmap expression profiles and (C) histogram charts for
both transcript and protein merged datasets. Both transcript expression and protein abundance datasets were merged into a consensus based on GenelD. (D) Venn
diagram illustrating the significant (DEGs or DAPs) GenelDs in both pericarp and placenta. Heatmaps include the transcript and protein profiles of 3 GeneIDs found in
all datasets tested. (E) Transcripts-to-proteins in pericarp and placenta samples based on GenelD. Expression profiles are expressed as Log2 fold change (TPM for
transcripts, intensity for proteins) of Si-treated samples compared to control and follow a colorimetric scale (from green to pink). Transcript-protein pairs and their
abundance are shown in Supplementary Table 8. (F) Selected pathways including transcript-protein pairs based on GenelD. Transcript-protein integration dataset and

abbreviations are provided in Supplementary Table 9 and 10 respectively.
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Fig. 6. Integration of Si- and Ca-responsive gene expression and protein profiles of pericarp and placenta tissues. (A) Venn diagram of Ca- and Si-responsive DEGs
compared to control. (B) Regression plot of common Si- and Ca-responsive DEGs based on their GenelIDs. The axes represent their expression profiles as logz fold
change values. The linear fit suggests the extent of concordance between the two responses (R?> = 0.42), following the equation y = 0.7665-x + 0.5222. (C) GO
analysis depicting the most abundant MF, BP and CC terms in the common Si-Ca DEGs identified. (D) Venn diagram of Ca- and Si-responsive DAPs compared to
control. (E) Heatmaps illustrating the protein abundance of Ca- and Si-responsive proteins compared to their respective control. Ca-affected proteins were identified
using unique spectra whereas total spectra referring to protein groups were taken into consideration for the identification of the Si-related dataset. The protein
abundances (expressed as Log, fold change of Si intensities compared to control) follow a colorimetric scale (from green to yellow). (F) Venn diagram of Ca- and Si-

responsive DAPs compared to control.

representation (Fig. 6F). Overall, these data indicate that Si and Ca
trigger overlapping responses in pericarp, including consistent down-
regulation of Ca-related genes and ethylene-responsive TFs, possibly
suggesting shared mechanism in delaying kiwifruit ripening.

3.7. WGCNA identifies gene expression shifts induced by silicon and
calcium

Using the integrated transcriptomic dataset from Si and Ca treat-
ments, kernel density plots were generated to assess gene expression
distribution (Fig. 7A). Both control and treated samples (Si or Ca)
exhibited similar gene expression profiles (TPM); however, Ca-treated
samples demonstrated a distinct shift, suggesting altered transcript
abundance. PCA showed high similarity across all conditions (Fig. 7B).
To identify co-expression patterns, WGCNA was performed, revealing
multiple co-expression modules (MEs) across the Si and Ca datasets
(Fig. 7C). Modules were merged using a dynamic tree cut with a 0.2
threshold, resulting in nine distinct MEs that captured most of the
expression variance (Fig. 7D). Among these, Orange, Dark Slate Blue and
Steel Blue modules were strongly correlated with Si-treated samples
while Dark Green and Dark Red modules were associated with Ca
(Fig. 7E). Gene interaction networks within each ME were visualized,
focusing on those linked to Si and/or Ca responses (Fig. 7F). Pathway
enrichment analysis of selected MEs (grouped by neighboring clades)
revealed treatment-specific functions (Fig. 7G). The Steel Blue module
(Si-related) was enriched in genes involved in protein and histone
deacetylation, suggesting epigenetic regulation. In contrast, the Orange
module showed enrichment for genes associated with protein alkylation,
methylation and developmental responses, including those related to
fruit development, a feature also shared with the Dark Slate Blue mod-
ule. In contrast, the Dark Green and Dark Red modules (Ca-related) were
enriched for transcriptional regulation and RNA biosynthesis. Dark Red
module was enriched for genes involved in lipid metabolism, including
the acylglycerol, neutral lipid and triglyceride metabolic processes
(Fig. 7G). Together, WGCNA of integrated transcriptomic data identified
distinct gene co-expression modules associated with Si and Ca treat-
ments in kiwifruit.

3.8. Comparative protein co-expression network analysis of silicon and
calcium responses in kiwifruit

A similar approach was applied to the integrated proteomic dataset
derived from Si and Ca treatments (Fig. 8). Silicon-treated samples
exhibited a distinct binomial distribution compared to other conditions
(Fig. 8A). Pearson correlation analysis showed high similarity within
treated and control samples for both Si and Ca experiments, but low
correlation between the Si and Ca proteomic datasets (Fig. 8B). WGCNA
identified protein co-expression networks in response to Si and/or Ca
application (Fig. 8C). Initially, nine modules (MEs) were constructed
and merged into five using a dynamic merge function (threshold 0.2;
Fig. 8D). The Black ME correlated strongly with Si treatment while Pink
and Brown MEs were highly correlated with Ca treatment (Fig. 8E). The
Black, Pink and Brown MEs comprised 54, 29 and 184 proteins respec-
tively, with their interaction networks shown (edges > 0.1; Fig. 8F).
Enrichment analysis revealed that Si-related Black ME proteins were
involved in translation and peptide biosynthesis whereas Ca-related
Brown ME proteins were linked to oxidation-reduction and energy
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production (Fig. 8G). Most proteins in Black ME, particularly Actini-
dial3369 (Acetate-CoA ligase CCL3; ACSL-L) and Actinidia20487
(Peptidyl-prolyl cis-trans isomerase; PPIC-L), increased after Si treat-
ment and cold storage (Fig. 8H). Conversely, several Pink ME proteins
decreased after Si and cold storage; for example, Actinidial2466 (Pro-
tein THYLAKOID FORMATION1, chloroplastic; THF1) was also reduced
after Ca treatment. Interestingly, Actinidia23684 (Glycine-rich protein
2; CSPS-L) was upregulated by Si but downregulated following Ca
treatment, reflecting a broader trend observed among many proteins of
the Brown ME module, which generally decreased in response to Ca
while accumulating under Si treatment (Fig. 8H). This protein co-
expression network analysis revealed distinct Si-and Ca-responsive
modules, highlighting divergent proteomic pathways underlying
element-derived effect in kiwifruit ripening.

4. Discussion

Silicon plays a key role in plant stress responses, yet its functional
mechanisms during fruit ripening remain poorly understood. This study
provides the first integrative framework of Si-induced changes in kiwi-
fruit ripening, combining physiological, transcriptomic, proteomic, and
metabolomic analyses. By independently analyzing pericarp and
placenta, we reveal tissue-specific differences and temporal shifts in Si-
associated ripening reprogramming. A key finding is that foliar, dipping
and especially combined Si treatments increased endogenous Si levels in
kiwifruit tissues, indicating that Si can accumulate not only during fruit
development but also after maturation. Notably, Si enrichment was
concentrated in the fruit-pedicel junction and placenta (Fig. 1A,B),
suggesting passive uptake driven by water transport through vascular
branching, similar to the mechanism proposed for Ca in kiwifruit tissues
(Polychroniadou et al., 2024).

Exogenous Si application was shown to impair key kiwifruit ripening
processes. Particularly, Si reduced ethylene production (Fig. 1C) and
downregulated ethylene-related AP2/ERF TFs, such as AcERF7, AcCERF8
and AcERF9 (Fig. 3D), establishing a functional link between Si and
ethylene signaling (Van Bockhaven et al., 2015). However, AcERF6 and
AcESE3 exhibited a positive expression trend in the pericarp and both
tissues, respectively (Fig. 3D), highlighting the complex role of ethylene
in regulating both ripening and cold stress response mechanisms. Silicon
also strongly suppressed weight loss (Fig. 1C) as well as TCA cycle-re-
lated transcripts and proteins (Fig. 8F), consistent with the reduced
respiration rates observed in Si-treated fruit (Fig. 1C). Another charac-
teristic of Si-treated fruit was the maintenance of higher firmness during
both cold storage and ripening (Fig. 1D), a key ripening attribute closely
linked to cell-wall disassembly and enzymatic degradation (Tanou et al.,
2015). Ripening-associated hydrolases, including pectinesterase (PE),
polygalacturonase (PG), and p-galactosidase ($-Gal), all central to pectin
degradation (Minas et al., 2018), were strongly regulated by Si in both
tissues (Fig. 3E, Supplementary Fig. S4). Enrichment of
hydrolase-related GO categories (Fig. 3C) further underscores the reg-
ulatory role of Si in the softening process. The observed effects of Si
treatments in delaying softening and reducing ethylene production
suggest a promising potential for the use of Si in commercial kiwifruit
storage practices. Histochemical analysis revealed that Si application
did not alter the anatomical structure of kiwifruit tissues (Fig. 1E), but
fluorescence microscopy revealed biochemical modifications in cell
wall-components (Fig. 1E, F), including decreased demethylesterified



C. Skodra et al. Postharvest Biology and Technology 232 (2026) 113983

o 12 o s o 12 s a4 s 10
(A) Controlsi (B) (C)
075 si Control Si Fkk *kk Fkk X
0.9
Control Ca 0.99 0.96 0.94 2
ca X
0.8
2 050 ‘ ok Hkk b
£ N si =)
% i =
@
z ) . 0.96 0.95 2.
8 .
' o .
025 ¢ .
Control Ca Hkk 06
. 1 05
0.00 : Dynamic Tree Cut
0 1 2 3 4 5 3 Ca )
Merged dynamic
(D) Log,o(TPM+1) : ged ey
14 : o 1 2 3 4 o 1 2 3 4
12 AcCAN
10 (F) ME Orange AcSPXOP D1 ME Steel blue
AcGKEF-L AcBGAL-L
08 AcLRRP  AcVPS54-L
KL AcSACBX1 ~ AcBGAL-L
06 acapreL O
AcpLpHs-L AFIEL
s AcEDM.L  ACESUP-L
. AcHSP2 AcE3UL-L
3 AcPTK-L y »
02 2 ol o-L AcARF.L ACATGT3-L
° acinogo.  ACEUEL
00 e <l g AcAMT-L
o y
505228 CeOEESEoPE2552 0 P 7505881 £538853¢65823% AcATGzL ACRINZL . . AcGLUSL
£58750¢ 55 C@fezfertazPaziforniis 23¥esmggs £53,  AcoauT et
5 g 52 52 - 2o e 3
S2E g£5 °3 i % eSg® 2I4%% gz >~ 25 o -9 AL ACPTK-L  AcSCY1-L ACRING-L AcATGO-L
k4 33.‘ 3 w8 3°% S5232 EE’ £F gs ACPATP-L
s 8 o T a -5 3 5 O
a "% E: ] ACTOP1-L  AciMP11-L ¥
5o 2 i c cf ACABCTL  pogripy — ACNCORTL
(E) ACEMF2-L  pcPRPP ACPAT1-L
40a-L AcDRP-L
Control Ca C ME Dark green
Control Ca A ME Dark slate blue ME Dark red
CaB
CaA
Control CaB
CaC
Control Si A
Control Si B
SiB
Control Si C
SiA
Sic
O 0o WY 9O O
23 5298 88 8 . o
< 3 * -g a & * 3 2 .,
< R o
3 a d pm c 8§ = 00
g = o o Q
g = O s
s c
©
(G) Steel blue clade . ;0 Orange clade Dark green clade Dark slate blue clade Dark red clade
25 ~Logyg(p-value) “Log,y(p-value)
§ 20 Protein “Logulpvalue) Gene 7 50 -
Pentose metabolic s alkylation 325 expression s Biosynthetic process s Response to L8
process o s 0 radiation 3
. 300 . 3
s Protein Nitrogen . Organonitrogen o5
i methylation 218 compogn o 5 compound . &
d Hllsu?"e . biosynthesis biosynthesis Response to
eacetylation . Response to 4 0 ) light s
s "
stimulus s 1 © :
S - Amide = dovelopment w s
Macromolecule 7 Response to 1 biosynthesis 2 P Count Acylglycerol .
deacetylation s external stimulus Count » metabolic process o
ount
. . Count Fruit
Count System Translation development .
Protein development Neutral lipid
i i i metabolic process
deacetylation RNA bmsy:;';::: Response to temperature P
Vesicle transport P!
Monosaccharide . Triglyceride
metabolic process Organelle Nuclelc acld-templated Response to cold metabolic process
organization transcription
5 75 10 125 4 6 8 25 30 35 40 45 3 4 5 6 10 20 30
Enrichment factor Enrichment factor Enrichment factor Enrichment factor Enrichment factor

Fig. 7. WGCNA discovery of Si- and Ca-related modules based on their expression trend in kiwifruit pericarp tissues compared to their respective control. (A) Density
plots of Si- and Ca-responsive transcripts and their controls. Each colored curve represents a dataset as shown in the legend. (B) Pearson correlation analysis including
histograms and scatter plots of Si- and Ca-treated transcript datasets. **Asterisks represent significant correlation p-values (*p < 0.05, **p < 0.01, *p < 0.001). (C)
Cluster analysis of the co-expression modules generated using the dynamic tree cut method. Following the merged dynamic method, neighboring branches of the
dendrogram formed 9 modules (MEs), represented by different colors (i.e. ‘Dark green’, ‘Gray’, ‘Cyan’, ‘Dark red’, ‘Bisque4’ ‘Saddle brown’, ‘Steel blue’, ‘Dark slate
blue’ and ‘Orange’). (D) Clustered dendrogram depicting all co-expression modules discovered through WGCNA based on Si and Ca-transcripts consensus dataset.
Clade colors represent the merged MEs. (E) Pearson correlation analysis of the merged modules with the Ca and Si-treated samples. Correlation coefficients follow a
colorimetric scale from —0.4 (purple) to 0.8 (orange). (F) Networks of selected modules of expression (MEs) based on their correlation to Si- and Ca-treated samples.
Edges depict weights > 0.2. (G) Pathway enrichment analysis of the transcripts included in selected clades of the ME dendrogram. MEs merged into each clade
analyzed and the transcripts included are shown in Supplementary Table 11. Bubbles follow a colorimetric scale (from blue to orange) according to the p-value of
each pathway and their size is relevant to the transcripts included as shown in the legend.

homogalacturonans (HGs), detected by the JIM5 antibody, suggesting suggest that Si can effectively delay ‘Hayward’ kiwifruit ripening by

decreased pectin cross-linking, potentially enhancing cell wall flexibility reinforcing cell-wall structure and suppressing both ethylene production
(He et al., 2015; Ma and Wang, 2015). Concurrently, increased AGP and fruit softening. On this basis, future research could focus on eval-
levels in Si-treated tissues may indicate a role for Si in reinforcing cell uating preharvest and postharvest Si applications in other kiwifruit
wall structural integrity (Leszczuk et al., 2020). In contrast, the observed species and/or cultivars, such as Actinidia chinensis cultivars, which are
reduction in extensins could reflect cell wall loosening or changes in more prone to rapid postharvest softening (Atkinson et al., 2011).

rigidity and lignification (Glazowska et al., 2018). These findings Silicon application also reprogrammed both central and secondary
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Fig. 8. Protein-based co-expression module discovery of Si and Ca-treated kiwifruit using WGCNA. (A) Density plots of Si- and Ca-affected proteins along with their
respective controls. Each colored curve represents a dataset as shown in the legend. B) Pearson correlation analysis including scatter plots of Si- and Ca-treated
protein datasets. **Asterisks represent significant correlation p-values (*p < 0.05, **p < 0.01, *p < 0.001). (C) Cluster analysis of the co-expression protein mod-
ules. The analysis was performed as described previously (Fig. 7C). A total of 9 modules of expression (MEs) were formed (D) that were merged into 5 using the
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Protein networks with correlation values to Si- and Ca-treated samples were constructed. Edges depict weights > 0.2. (G) Pathway enrichment analysis of the proteins
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metabolism in kiwifruit. The placenta showed a greater accumulation of
organic acids, such as malic, oxalic and phosphoric acids, than the
pericarp (Fig. 2B; Supplementary Table S2). Combined Si treatments
affected sugars during cold storage (Fig. 2B), possibly suggesting
accelerated starch degradation. Transcriptome-metabolome integration
revealed that Si selectively regulated the phenylpropanoid pathway in a
tissue-specific manner (Fig. 2B), upregulating AcHCT, Ac4CL, and
AcPAL (Fig. 3G), thereby increasing chlorogenic acid levels. However,
this stimulation appears to be pathway-specific, as evidenced by the
concurrent downregulation of AcLAR genes and a reduction in catechin
levels in pericarp. Additionally, the altered levels of epicatechin and
epigallocatechin suggest that Si may influence the metabolic flux at the
anthocyanin—proanthocyanidin branch point via regulation of AcCANR
(Fig. 3G). These findings indicate that Si acts as a modulator of phenolic
biosynthesis in kiwifruit, as reported in apple (Karagiannis et al., 2021),
potentially contributing to the altered ripening outcomes in Si-treated
fruit (Fig. 1C, D).

Several studies have shown that silicon acts as a "tonic" priming plant
defenses under stress (Coskun et al., 2016), while its effects often remain
latent under normal conditions, with minimal changes in gene expres-
sion (Luyckx et al., 2017). However, our results demonstrate that Si
application rapidly triggers transcriptional alternation, with significant
changes in Si-responsive gene expression detectable within 24 h, even in
the absence of stress (Fig. 3B). This suggests that Si may trigger a distinct
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transcriptomic reprogramming in kiwifruit, independent of external
stress cues. The high number and functional diversity of these genes
(Fig. 3B, C) underscore the central role of Si in modulating a wide range
of physiological and metabolic processes. Notably, tissue-specific
profiling revealed a more pronounced shift in Si-affected gene expres-
sion in placenta compared to pericarp (Fig. 3B), likely reflecting the
differential Si accumulation across tissues (Fig. 1). The predominant
downregulation of genes in placenta may also indicate a Si-induced
suppression of metabolic activity during ripening. The placenta also
exhibited high firmness in all Si-treated fruit under both cold and
post-cold conditions (Fig. 1D), accompanied by elevated levels of amino
acids and polyphenols compared to controls (Fig. 2B). Several distinct
Si-responsive proteins were identified in the placenta, including AcLOX,
AcLOX.2, a tissue-specific carboxypeptidase (AcCP.3), and multiple
placenta-enriched proteins (e.g., AcCP.2, AcFLA, AcTSPAN, AcMYH,
AcManB, AcANX) (Fig. 4B, C). Proteo-transcriptomic integration
(Fig. 5D, E) revealed a greater number of overlapping differentially
expressed genes (DEGs) and differentially abundant proteins (DAPs) in
the placenta (82) than in the pericarp (44), consistent with the more
pronounced Si-induced transcriptomic changes observed in the placenta
(Fig. 3B).These findings emphasize the importance of tissue-specific
analysis and support the emerging view that the placenta plays a
pivotal role in sensing and transducing ripening signals in ‘Hayward’
kiwifruit (Ainalidou et al. 2016, Polychroniadou et al., 2022a, b;
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Polychroniadou et al., 2024; Valasiadis et al., 2024; Kollaros et al.,
2025).

In addition to early transcriptomic shifts, Si application profoundly
affects post-cold ripening in kiwifruit, inducing proteomic changes
related to stress responses, structural remodeling, and metabolic ad-
justments (Fig. 4D). Notably, 18 DAPs were commonly affected by Si in
both pericarp and placenta (Fig. 4C), offering valuable targets for
deciphering Si-mediated ripening events (Fig. 1). Among these, lip-
oxygenase (LOX), 60S ribosomal protein L28 (Ac60SRBPL28) and car-
boxypeptidases (AcCPs) were identified as top Si-affected proteins in
both tissues (Fig. 4A, B). The marked accumulation of LOX, a key
enzyme in the production of hydroperoxide derivatives from poly-
unsaturated fatty acids in kiwifruit (Zhang et al., 2006), suggests a
possible role in regulating aroma volatile biosynthesis. Elevated levels of
Ac60SRBPL28, involved in protein synthesis, and AcCPs, which release
free amino acids, suggest that Si may modulate protein turnover
(Fig. 5A). These shared protein changes could represent a molecular
fingerprint of Si action, though the exact regulatory mechanisms remain
unclear.

Proteogenomics, an integrative approach that combines proteomic
and transcriptomic data, is rapidly gaining momentum in plant science,
offering deeper insights into gene expression regulation
(Polychroniadou et al., 2024; Skodra et al., 2023; Xanthopoulou et al.,
2022). However, comprehensive studies investigating the relationship
between transcriptomes and proteomes across fruit tissues during
ripening remain limited. As distinct layers of gene expression, our
transcript and protein data exhibited weak coherence (Fig. 5A) and low
correlation (Fig. 5B, C), reflecting the complex regulation between
mRNA abundance and protein accumulation. Interestingly, Si applica-
tion did not markedly reduce correlation between Si- and
control-treated transcriptomes of pericarp and placenta, unlike their
proteomes, potentially due to post-transcriptional modifications which
may regulate protein stability and abundance in kiwifruit
(Polychroniadou et al., 2024). The low variation (exhibited by high
correlation values) between Si and control-treated fruit (Fig. 5B, C)
could be attributed to cold storage, as prolonged low temperatures can
delay biological processes and cause transcriptional arrest (Wu et al.,
2023). Despite this limitation, the integration of transcriptomic and
proteomic datasets affected by Si yielded informative and biologically
relevant insights. In pericarp, AcACO (1-amino-
cyclopropane-1-carboxylate oxidase), a key component of ethylene
biosynthesis in ‘Hayward’ kiwifruit (Valasiadis et al., 2024), was upre-
gulated at both transcript and protein levels (Figs. 3E, 4A), despite the
reduction in ethylene production (Fig. 1C), suggesting that possible
post-transcriptional or alternative regulatory mechanism controlling
ethylene biosynthesis under Si treatment. As a strongly Si-responsive
gene, AcACO could serve as a potential molecular marker for further
genetic and functional validation in kiwifruit (e.g., via knock-out or
knock-down approaches). Such validation would provide a foundation
for developing Si-based strategies to improve postharvest ripening
management.

Several genes associated with fruit metabolism showed different
transcript and protein patterns in response to Si. For instance, AcCGAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was upregulated at tran-
script level but downregulated at protein level whereas AcFBA (fructose-
bisphosphate aldolase) followed the opposite trend (Fig. 6B, E). In
placenta, several ripening-associated genes also exhibited expression
changes. AcLOX (lipoxygenase) was downregulated at both transcript
and protein levels, suggesting a suppression of lipid peroxidation path-
ways. Also, AcBGL (beta-glucosidase) and AcTREH (trehalase), both
implicated in cell wall regulation (Bae et al., 2005) were upregulated at
transcript level but downregulated at protein level (Fig. 5), indicating
post-transcriptional or cold-associated regulation. This pattern may
reflect a stress resistance-ripening effect of Si, which warrants further
investigation.

To better understand element-induced ripening delays in kiwifruit,
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we performed a meta-analysis combining our current Si-responsive
transcriptomic and proteomic data with a previously published Ca-
treated dataset also in ‘Hayward’ kiwifruit (Polychroniadou et al.,
2024). Using this approach, we found that Ca- and Si-related transcripts
exhibited similar TPM distributions and high correlation values (Fig. 6A,
B), suggesting the activation of shared mechanisms in response to their
application. Among these, five calcium-related genes, including Actini-
dia37768 (calcium-dependent protein kinase; AcCDPK), were consis-
tently regulated by both Si and Ca, indicating an effect of Si on
Ca-binding proteins and suggesting a potential signaling crosstalk that
merits further investigation. Proteomic analysis further revealed 126
commonly regulated proteins in both Si- and Ca-treated samples
(Fig. 6D). Among them, several 14-3-3-like proteins (Actinidia26319,
Actinidia29590, Actinidia26296, Actinidia33127, Actinidial2570)
were consistently reduced (Fig. 6E). These proteins have been impli-
cated as negative regulators of ethylene signaling (Gong et al., 2023),
indicating that Si and Ca may act synergistically to suppress ethylene
biosynthesis or perception. Also, multiple proteins involved in glycol-
ysis, including fructokinase-2  (Actinidia31799), fructose-1,
6-bisphosphatase (Actinidia05339) and glyceraldehyde-3-phosphate
dehydrogenase (Actinidia25603), showed changes in abundance under
both treatments (Fig. 6E). These alterations point to potential shifts in
energy metabolism, likely affecting ripening dynamics. Integration of
transcriptomic datasets further revealed several ethylene-related TFs
(Actinidia03102, Actinidial3612, Actinidia35241, Actinidia39635,
Actinidia26138, Actinidia00441, Actinidia20414), which were pre-
dominantly downregulated (Fig. 6B). Moreover, we identified several
DEGs linked to protein phosphatase 2 C (PP2C3) (Fig. 6B), an abscisic
acid (ABA) co-receptor known to negatively regulate ABA signaling and
delay ripening in tomato (Liang et al., 2021). In the Si-Ca merged
dataset, four such PP2C3-related DEGs (Actinidia32635, Actini-
dia28250, Actinidia02515, Actinidia21363) were downregulated
(Fig. 6B), suggesting a conserved role in hormonal regulation during
kiwifruit ripening. Finally, our data support a role for both Si and Ca in
modulating ubiquitin-related gene expression, a pathway with known
roles in fruit ripening regulation (Miricescu et al., 2018). Notable DEGs
included Actinidial5038, encoding a RING-type E3 ubiquitin ligase, and
Actinidia31554, a calmodulin-like ubiquitination-related protein, both
of which were regulated under both treatments (Fig. 6B). These results
suggest a potential convergence of Ca and Si signaling in the modulation
of kiwifruit ripening through the ubiquitination machinery.

To explore potential connections between the transcript and protein
datasets, co-expression networks were constructed (Figs. 7 and 8).
WGCNA identified both Si- and Ca-specific modules based on their
distinct co-expression patterns (Fig. 7). Silicon-promoted histone
deacetylation (Fig. 7G) suggests a role for chromatin remodeling in
facilitating the expression of genes involved in Si action. Meanwhile, the
importance of protein modifications in shaping fruit physiological re-
sponses to Si and/or Ca is highlighted by the enrichment of post-
translational modifications, such as alkylation and methylation, within
transcripts of the "Orange" co-expression module (Fig. 7G). Silicon may
induce protein structural changes that modulate activity in Si-associated
biochemical pathways; for example, through methylation or alkylation
(Serre et al., 2018). Additionally, low temperature exposure may
contribute to such modifications, as alkylation can result from in-
teractions with reactive agents like ROS produced under stress (Hu et al.,
2017). The role of Si role in maintaining cell wall strength and mem-
brane stability may relate to osmotic disturbances caused by dipping and
cold stress (Coskun et al., 2019), as reflected by the enrichment of
developmental processes in Si-related modules (Fig. 7G). Similarly,
membrane integrity is a key feature of Ca treatment, as reflected by the
enrichment of lipid metabolism-related transcripts in Ca-associated
co-expression modules. Kiwifruit also responds to Si and Ca stimuli by
altering its transcriptional landscape, as shown by the enrichment of
transcriptional and RNA-related pathways in Si-Ca co-expression mod-
ules, highlighting their role in reprogramming the fruit transcriptome.
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In contrast to transcriptomic responses, the proteomic profiles of
kiwifruit under Si and Ca treatments exhibit distinct dynamics, as
indicated by the low correlation between the respective proteomic
datasets (Fig. 8B). This divergence suggests that Si and Ca engage
different post-transcriptional and translational regulatory mechanisms,
resulting in unique protein accumulation patterns (Nwugo and Huerta,
2011; Michailidis et al., 2020). Silicon appears to remodel the proteome
by promoting peptide biosynthesis and protein modifications, as sup-
ported by the enrichment of translation-related pathways (Fig. 8G).
Several proteins co-expressed under Si—Ca conditions are involved in
hydrolytic functions, such as Actinidia08090 (GAPDH-L), Actini-
dial3369 (ACSL-L), Actinidia20487 (PPIC-L), Actinidia39202 (FGH-L),
and Actinidia24469 (DPD-L). Among them, Actinidia32862 (REM-L), a
membrane-associated remorin, is notable for its role in responses to
abiotic stresses, including cold (Gouguet et al., 2021). A general
downregulation of Si-Ca co-expressed proteins was observed in Pink
module eigengene (ME) (Fig. 8H), including Actinidial2466 (THF1) and
Actinidia01021 (TOC-L) (Fig. 8F, H, Supplementary Table S11), both
involved in chloroplast function and photosynthesis, reflecting
cold-induced chloroplast impairment. Additional reductions in Actini-
dia01386 (BPN-L) and Actinidia31182 (aAMY-L) (Fig. 8F, H, Supple-
mentary Table S11), associated with nucleotide and starch metabolism,
suggest broader metabolic adjustments affecting energy balance. In
contrast, the Brown ME was enriched in proteins associated with redox
homeostasis, including Actinidia04981 (ALDH-L), Actinidial3594
(QOR-L), Actinidial8382 (MTHFR-L) and Actinidia02420 (AKR-L)
(Fig. 8F, H, Supplementary Table S11), all linked to oxidative stress
responses during cold exposure (Alvi et al., 2023; Guan et al., 2023; Yu
and Wang, 2023). Given that ROS accumulation during cold storage can
compromise protein stability and folding (Choi et al., 2022), Si appli-
cation may enhance the abundance of molecular chaperones involved in
protein refolding and protection (Zhao et al., 2023). Notably, protein
disulfide-isomerase/protein disulfide-isomerase-like (Actinidia03062;
PDI-L) plays a central role in correcting misfolded proteins (Lu et al.,
2021). Together with peptidyl-prolyl cis-trans isomerase (Actini-
dial6931; PPIC-L) and other stress-responsive proteins, including
cold-shock protein-like (Actinidia23684; CSPS-L) and
senescence/dehydration-associated-like =~ protein  (Actinidia00617;
S/DAP-L), these components likely form a core Si-Ca response module
(Fig. 8F, H, Supplementary Table S11) that may enhances kiwifruit
resilience under cold storage conditions. This stress-related co-ex-
pression Si-Ca protein network may reflect a crosstalk between silicon
and calcium signaling that act synergistically to reduce fruit softening,
suggesting that stress tolerance and ripening regulation are inter-
connected processes in kiwifruit.

5. Conclusion

In summary, this study provides the first integrative physiological
and molecular framework establishing Si as a regulator of ‘Hayward’
kiwifruit ripening, highlighting its predominant accumulation in the
placenta and pedicel junction following external application, and its role
in delaying climacteric ripening by suppressing ethylene production and
fruit softening. By delaying fruit softening, pre- and postharvest Si ap-
plications could enhance commercial kiwifruit postharvest manage-
ment. Given that ripening metabolism may vary among cultivars, it is
important to further investigate the observed Si-mediated effects across
different kiwifruit genotypes. Through integrated transcriptomic, pro-
teomic and metabolomic analyses, we identified tissue-specific reprog-
ramming events associated with Si-inhibited ripening, including novel
genes (e.g., ACERF6, AcACO), proteins (e.g., AcLOX) and key metabolic
shifts (e.g., chlorogenic acid). These findings provide a valuable pool of
molecular markers that could be functionally characterized in future
studies (e.g., using CRISPR-Cas9 system). Comparative analysis with
recent Ca-treatment results revealed partially overlapping mechanisms,
including ethylene suppression, shifts in energy metabolism, and
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structural remodeling. Together, these findings establish a new role for
Si in extending the postharvest longevity of kiwifruit and uncover a
promising strategy for improving fruit quality. Nonetheless, further
studies are needed to clarify the mechanisms of Si action, particularly its
interplay with Ca through shared regulatory genes and proteins (e.g.,
CDPKs), and its regulation at post-transcriptional and post-translational
levels.
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