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1. Introduction
Deliverable 2.3 is linked with Task 2.3 entitled ‘Dissemination in journals & Conferences’.

The overarching objective of Deliverable 2.3 was to produce a considerable number of joint
publications in highly refereed journals, including a position/review paper in the commercial
prospects of applying priming agents in high value-added horticultural commodities. A full list of
all research papers will be delivered by the end of the project [M36] with the second edition of the
current deliverable. According to Horizon policy, we published open access and the EU funding
was acknowledged by the inclusion of the following text: “This study has received funding from
the European’s Union Horizon Europe programme with acronym PRIMESOFT, entitled
‘Development of innovative priming technologies safeguarding yield security in soft fruit crops

through a cutting-edge interdisciplinary approach’ [Grant Agreement 101079119]".

This report is comprised of the following sections:
1. Publications in refereed journals (Section 2)

2. Publications in Conference proceedings (Section 3)

3. Oral presentations in Scientific Conferences (Section 4)

The current report is edition 2 (out of 2) of Deliverable 2.3

Appendix provides the full texts of all published works.

Funded by Tre oroject has raceived funding from the European Union's Horizon Europe
the European Union orograime unde Crant Agreement 1010759119 3
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2. Publications in refereed journals

2.1 Publication I_Trends in Plant Science

Title: Next generation chemical priming: with a little help from our nanocarrier friends
Contributors: G. Gohari, M. Jiang, G.A. Manganaris, J. Zhou, V. Fotopoulos

Link: https://www.sciencedirect.com/science/article/pii/S1360138523003837
Acknowledgements: Cyprus University Open Access Author Fund

Brief description: Plants are exposed to multiple threats linked to climate change which can cause
critical yield losses. Therefore, designing novel crop management tools is crucial. Chemical
priming has recently emerged as an effective technology for improving tolerance to stress factors.
Several compounds such as phytohormones, reactive species, and synthetic chimeras have been
identified as promising priming agents. Following remarkable developments in nanotechnology,
several unique nanocarriers (NCs) have been engineered that can act as smart delivery systems.
These provide an eco-friendly, next-generation method for chemical priming, leading to increased
efficiency and reduced overall chemical usage. We review novel engineered NCs (NENCs) as
vehicles for chemical agents in advanced priming strategies, and address challenges and
opportunities to be met towards achieving sustainable agriculture.

Highlights

- Nanocarriers (NCs) functionalized with chemical agents represent a novel approach for
improved priming efficiency through targeted delivery.

- Multifunctional priming through the combined used of different agents in novel engineered
nanocarriers (NENCs) has the potential to achieve multiple benefits in plants.

- The application of NENCs as seed coatings has the potential to improve crop yields, while
achieving maximum cost-effectiveness compared with application at the plant level as it
requires less time and labor.

- Gene-editing techniques can be used to modify the expression of targeted genes involved in
plant priming as identified by transcriptomic approaches, and can enhance the ability of
plants to respond to priming treatments and improve their overall performance.

Funded by \ oraject has racaived funding from the European Union's Horlzon Europe
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2.2 Publication II_Current Plant Biology

Title: Pre-harvest application of sodium alginate functionalized with melatonin enhances
secondary metabolism in strawberry fruit

Contributors: Georgiadou EC, Garcia CJ, Taliadorou AM, Gedeon S, Valanides N, Varaldo A,, Gohari
G, Balsells-Llauradé M, Alcazar R, Hertog MLATM, Tomas-Barberan FA, Manganaris GA,
Fotopoulos V.

Link: https://www.sciencedirect.com/science/article/pii/S2214662825000830?via%3Dihub

Brief description: The application of priming agents is a promising strategy to enhance the
nutritional content of fruits and overall fruit quality. The current study aimed to assess the effect
of the pre-harvest application of various priming agents [melatonin (Mel), sodium alginate (NaA),
sodium alginate/melatonin conjugate (Mel-NaA), and putrescine dihydrochloride (Put)] on fruit
quality attributes and secondary metabolite profile of a strawberry cultivar (Fragaria x ananassa
Duchesne cv. ‘Felicity Q3’). The priming agents were directly applied on fruit at three successive
developmental stages, namely large green (LG), small white (SW) and large white (LW). The use
of Mel-NaA and Put showed promising results in improving fruit quality indicators (i.e. firmness,
color), while Mel-NaA and putrescine-treated fruit were characterized by increased total flavonoid
content. HPLC-DAD-ESI-MS/MS data showed variable regulation of flavan-3-ols, hydroxycinnamic
acids, and conjugates contents by the different treatments, while ellagitannins and ellagic acid
derivatives were significantly enhanced following Mel-NaA pre-treatment. Priming treatments did
not result in the differential regulation of volatile organic compounds (VOCs) in comparison with
controls, suggesting that primed fruit retain their aroma quality with no aroma profile ‘penalty’. In
addition, molecular analysis revealed that fruit pre-treatment with the priming agents resulted in
variable transcriptional regulation of known strawberry allergenic proteins, with the Mel-NaA
treatment showing no significant effect. This ‘green’ approach holds promise for advancing our
understanding of the effects of NaA as a smart delivery mechanism of chemical priming agents
and its potential impact on the sustainable improvement of the physicochemical attributes of
strawberries during the pre-harvest stage.

Highlights

- Pre-harvest application of Mel, Mel-NaA and Put improved strawberry fruit quality
indicators.

- Mel-NaA and Put-treated fruit were characterized by increased total flavonoid content.

- Ellagitannins and ellagic acid derivatives were significantly enhanced following Mel-NaA
pre-treatment.

- Mel-NaA pre-treated fruit did not show increased transcript levels of known strawberry
allergenic proteins.

Funded by [Me oroject has recaived funding from the European Union's Horizon Europe
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2.3 Publication IlI_LWT Food Science & Technology

Title: The postharvest application of biodegradable polymers and a priming agent as a potential
tool to enhance phytochemical content, aroma profile and market life of strawberry fruit.
Contributors: Georgiadou EC, Garcia Hernandez Gil CJ, Taliadorou AM, Myrtsi ED, Gohari G,
Varaldo A, Torrado S, Gasperini AM, Tomas-Barberan F, Hertog, MLATM, Fotopoulos V,
Manganaris GA.

Link: https://www.sciencedirect.com/science/article/pii/S0023643825005614?via%3Dihub

Brief description: Strawberry (Fragaria x ananassa Duch.) is a highly perishable crop with limited market
life. The aim of our work was to dissect the efficacy of an array of molecules with potential priming effect
on postharvest performance, antioxidant potential and aroma profile of strawberry fruit. Freshly harvested
fruit (cv. ‘Savana’) of uniform size and ripening stage (commercial ripeness >80 % of the surface red color)
were subjected to the following postharvest dip treatments: control (untreated), hydro-primed, NOSH-A,
chitosan (CTS) and sodium alginate (NaA). NOSH-A is a proprietary priming agent that acts as a donor that
releases nitric oxide (NO), hydrogen sulfide (H,S), and aspirin (acetylsalicylic acid) concurrently. CTS is a
biobased, biologically safe and biodegradable polymer that has been exploited as a nanocarrier to efficiently
deliver an array of compounds, while NaA is another biodegradable polymer applied in smart nano-delivery
systems. Treated fruit were subjected to 4, 8 and 12 d of cold storage (CS, 4 °C, 90 % RH) and additional
maintenance at room temperature for 1 d to simulate short, medium and extended refrigerated storage,
respectively. Quality attributes and fungal incidence and severity were determined, without any striking
differences among the treatments applied. Polyphenolic compounds analysis by HPLC-DAD-ESI-MS/MS
showed an increment in an array of phytochemical compounds such as ellagic acid, pelargonidin-3-
glucoside, pelargonidin-3-rutinoside, and catechin, particularly after 8 days CS compared to fleshly
harvested fruit. Such changes were more evident when the priming agent NOSH-A was applied, being more
pronounced in the case of pedunculagin 2 isomer that registered a significant increment. HS-SPME-GC
analysis identified 140 unique volatile organic compounds (VOCs) with chitosan-treated strawberries
showing the most distinct VOC profile after extended cold storage with higher contents of methyl hexanoate.
Results reported herein shed light in the efficacy of an array of agents on parameters linked to secondary
metabolism of strawberry fruit at postharvest level.

Highlights

- The efficacy of biodegradable polymers and a priming agent on strawberry postharvest
performance was tested.

- HPLC-DAD-ESI-MS/MS showed an increment in an array of phytochemical compounds
after cold storage compared to harvested fruit.

- HS-SPME-GC analysis identified 140 unique volatile organic compounds (VOCs).

- Among ellagitannins, pedunculagin 2 isomer registered a significant increment in NOSH-
A-treated strawberries.

- Chitosan-treated strawberries showed a distinct VOC profile after extended cold storage
with higher contents of methyl hexanoate.

Funded by \ oraject has racaived funding from the European Union's Horlzon Europe
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2.4 Publication IV_Cleaner & Circular Bioeconomy

Title: A comprehensive assessment of life cycle environmental impact and economic feasibility
for different red raspberry (Rubus idaeus L) cultivation systems.

Contributors: Xyderou Malefaki A, Valanides N, Manganaris GA, Wasko DeVetter L, Papadaki S,
Krokida M, Vyrkou A, Angelis-Dimakis A

Link: https://www.sciencedirect.com/science/article/pii/S277280132500017X

Brief description: Red raspberry is considered a knowledge- and capital-intensive crop that targets
a niche market globally; its quality attributes and enhanced health-promoting properties are highly
appreciated by the consumers. In the context of the exponential growth in demand for this
specialty crop that suffers from limited shelf life, it is imperative to expand raspberry cultivation
by employing sustainably-sourced production models. In the current study, we used Cyprus as a
case study that is characterised by increased production costs and lack of year-round production
despite the fact that the latter is feasible under different production systems and cultivation
methods in different altitude-related meso-climates. Towards that goal, the current study
assessed the life cycle environmental impact and life cycle costs of two different cultivation
methods - open-field production that took place from May to November 2022 and protected
cultivation in high-tunnels, from August 2023 to April 2024, using in both cases the same cultivar
(Kwanza®) and plant type. The results indicated that protected cultivation has better
environmental performance (3.7 mPt - milli eco-points - per kg of raspberry produced compared
to 7.4 mPt for open-field production). Noteworthy, production cost is excessive and substantially
higher compared to other countries; open-field production has a life cycle cost of 22.5 €/kg, while
protected cultivation achieved a lower life cycle cost, equal to 14.0 €/kg yet still high. From an
output perspective, a key observation is the increased yield of raspberries in protected cultivation
as well as the enhanced water use efficiency of the crop, due to a reduction of the water footprint
by 76 %. It is also important to highlight the increased harvest efficiency of the crop under high
tunnel, with 500 g per plant compared to 350 g on open field cultivation. Hence, it is safe to
conclude that despite the increased start-up costs and knowledge-intensive practices, the
productivity of the crop is increased during the off-season months, that can be sold for a premium.
The results highlight the environmental and economic impact of the two cultivation methods and
will be useful for producers and crop advisors seeking to expand the raspberry cultivation in
climates that resembles south-eastern Europe and are characterised as vulnerable to adverse
climate change scenarios.

Highlights

Raspberry protected cultivation has shown higher yield than open-field production.

- This leads to increased productivity increased during the off-season months.
Raspberry protected cultivation has better ecological performance than open-field.
Raspberry protected cultivation has almost 40 % lower life cycle cost than open-field.

Funded by [Me oroject has recaived funding from the European Union's Horizon Europe
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2.5 Publication V_Scientia Horticulturae

Title: Application of priming agents in red raspberries prior to transplantation and at pre-flowering
stages results in improved yield efficiency and enhanced secondary metabolism.

Contributors Valanides N, Georgiadou EC, Myrtsi ED, Garcia CJ, Taliadorou A, Torrado S, Hertog
MLATM, Tomas-Barberan F, Fotopoulos V, Manganaris GA

Brief description: Red raspberry (Rubus idaeus L) fruit has high nutritional value and there is an
increasing demand in its global cultivation, highlighting the need for sustainable practices to
improve fruit quality as well as plant productivity. Chemical priming has recently gained attention
as a sustainable horticultural crop management approach to enhance plant performance. In the
current study, the effects of multiple chemical priming agents were investigated on their potential
to improve yield efficiency, enhance antioxidant potential and fruit quality attributes, with special
reference to aroma of ‘Vica Abril’ raspberry plants. Treatments included: (1) NOSH-aspirin (NOSH-
A, 100 uM), (2) melatonin (Mel, 100 uM), (3) sodium alginate (NaA, 0.5 % w/v), (4) sodium alginate-
melatonin conjugate (NaA/Melatonin, 100 uM/0.5 % w/v), and (5) glycine-betaine (GB, 10 mM).
Additional, control treatments incuded application of water (hydro-primed) and DMSO (0.1% v/v)
(solvent control for NOSH-A). Treatment application was initially performed pre-planting at the root
zone and subsequently at 27, 46 and 74 days after planting (DAP). Melatonin treatment
significantly enhanced fruit yield, particularly during the early harvests, while NOSH-A significantly
enhanced sucrose and ascorbic acid content and all priming agents increased total flavonoid
content. The analysis of volatile organic compounds (VOCs) in raspberry fruits identified a total of
98 distinct compounds. Treatments with NaA alone or in conjugated form with Mel led to a
considerable increment of kaempferol, several anthocyanins and ellagic acid derivatives, among
the 13 polyphenolic compounds identified. Results reported herein highlight the potential of
different priming agents as a viable preharvest strategy towards increased crop productivity
and/or enhanced raspberry fruit quality.

Highlights

- Melatonin treatment significantly enhanced fruit yield efficiency on raspberry plant

- NOSH-A significantly enhanced sucrose and ascorbic acid content

- HPLC-DAD-ESI-MS/MS showed an increment in an array of phytochemical compounds on
raspberry fruits treated with sodium alginate, alone or in conjugated form with melatonin

- Significant improvements due to priming application were observed in caffeoylglucose,
cyanidin 3-0O-sophoroside, cyanidin 3,5-diglucoside, kaempferol derivative, cyanidin-3-O-
glucoside, ellagic acid pentoside and ellagic acid acetyl pentoside

Funded by [Me oroject has recaived funding from the European Union's Horizon Europe

the European Union oragra-rime unde Crant Agreement 101079119 8
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2.6 Publication V_Scientific Reports

Title: Impact of chemical priming on yield efficiency and on physiological and biochemical
properties of field-grown strawberry plants grown under a deficit irrigation regime

Contributors Georgiadou EC, Taliadorou AM, Myrtsi ED, Torrado S, Valanides N, Bini L, Manganaris
GA, Fotopoulos V.

Brief description: Strawberry is a high-value crop with substantial water requirements, rendering
it particularly vulnerable to irrigation limitations, especially in regions like the Mediterranean that
is characterized by low summer rainfall and restricted water sources. This study investigated the
effects of different priming agents (PAs) on the yield efficiency and physiological and biochemical
performance of strawberry (Fragaria x ananassa Duch.) cv. ‘Red Sayma 1075’ grown under deficit
irrigation. The experiment was conducted under a commercial strawberry set up in Cyprus, using
a randomized complete block design (RCBD) with five blocks serving as biological replicates. The
treatments were hydroprimed, 100 uM melatonin (Mel), 0.1% w/v sodium alginate (NaA), 0.1% w/v
sodium alginate (NaA)/100 uM melatonin (Mel), 2 mM proline, and 0.1% w/v sodium alginate
(NaA)/2 mM proline. Three treatment applications were performed at different times, one at root
level of tray plants prior to transplatation and two foliar applications at 8 d and 15 d after
transplantation. Plants received 50% of standard irrigation following priming applications to
simulate conditions of deficit irrigation. Results demonstrated that Mel, NaA, and NaA/Proline
treatments significantly enhanced cumulative yield of early harvest compared with hydroprimed
controls. Mel and NaA/Mel displayed significantly higher endogenous Mel content compared with
controls. In addition, an array of anlysis were conducted ar leaf level at 2, 15 and 29 d after
imposition of deficit irrigation. Elevated proline concentrations were observed during early stress
stages (2 days), particularly in NaA and NaA/proline treatments. Proline levels were suppressed
after 15 d, indicating an adaptive metabolic response in NaA, NaA/Melatonin, proline as well as
NaA/Proline primed plants. Significant downregulation of enzymatic antioxidants (SOD, CAT and
H,0,) was also observed in all treatments in the initial stages of stress application and were
maintained at low levels for the duration of the experiment until 29 days. Thereafter, most
biochemical markers returned to baseline levels, indicating stabilization of physiological
responses under sustained deficit irrigation. The findings highlight the potential of specific priming
strategies, particularly those involving Mel, NaA, and NaA/proline to mitigate drought stress,
sustain yield, and improve physiological resilience in strawberry cultivation under water deficit
conditions.

Funded by [Me oroject has recaived funding from the European Union's Horizon Europe
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3. Projects under evaluation for publication in refereed journals

3.1 Project I_ Journal of Agriculture and Food Research

Title: Comparative environmental impacts of strawberry cultivation in Southeastern Europe: A
study across open-field and protected cultivation systems towards sustainably-sourced
production models

Contributors: Frakolaki G, Parcharidou M, Boukouvalas C, Papadaki S, Panagiotou N, Valanides N,
Kokkini A, Georgiadou EC, Milivojevi¢ J, Tsormpatsidis E, Raffaelli D, Mezzetti B, Manganaris GA,
Krokida M.

Brief description: The current study evaluated the environmental impacts of three different
strawberry cultivation systems (open-field, protected soil-based, and protected soilless
cultivation) across four Southeastern European countries: Italy, Serbia, Greece and Cyprus. To this
aim, a Life Cycle Assessment (LCA)was employed in accordance with ISO 14040/14044
standards and ReCiPe2016 (H) was chosen as the impact assessment methodology. The
objectives of the study were twofold: first, to develop a life cycle inventory (LCI) encompassing all
flows and processes related to strawberry production, and second, to identify the practices and
processes contributing the most significant environmental burden. The scope of the study was
focused on crop production; thus, the boundaries of the system were set as cradle-to-farmgate
and the assessment covered all in-field processes, by taking into account the land preparation, the
planting, the fertilization and pesticides’ use, the irrigation and the harvesting of the strawberries.
Post-harvest activities were assumed to be identical across the different systems and thus fall
outside the scope of this study. Results indicated significant differences across both the countries
examined and the cultivation systems tested. Cyprus exhibited the highest global warming
potential, primarily due to excessive fertilizer use in soilless cultivation, while Serbia showed the
lowest impact, reflecting more sustainable-sourced agricultural practices. Freshwater
eutrophication was lower in Serbia and Italy, indicating efficient nutrient management. Cyprus’
open-field systems are facing constraints in terms of soil acidification and toxicity, while Serbia is
benefited from appropriate fertilizer and pesticide use. Fossil resource scarcity increased from
open-field to soilless cultivation due to the higher reliance on plastics. Among the different
countries and cultivation systems examined, the open field cultivation in Cyprus and protected
soilless cultivation in Serbia exhibited the highest water consumption, driven by climate conditions
and plant density differences. These findings underscore the importance of adopting region-
specific strategies to optimize sustainability in capital-intensive strawberry production systems.

Funded by \ oraject has racaived funding from the European Union's Horlzon Europe
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3.2 Project lli_Horticultural Research/Journal of Experimental Botany

Title: Implementation of novel priming agents as a stress alleviation strategy in strawberry
production and their role on improving yield and fruit quality (tentative title)

Contributors: Taliadorou A, Georgiadou EC, Myrtsi E, Torrado S, Valanides N, Tomas-Barberan F,
Garcia CJ, Manganaris GA, Fotopoulos V.

Brief description: Strawberry (Fragaria x ananassa Duch.) is a high value fruit, popular for its sweet
taste and antioxidant properties. However, as a salt sensitive crop, its productivity is threatened
by high soil salinity, especially in arid and semiarid regions. The present study evaluated the
effectiveness of different priming agents as well as their combination with bio-polymer based
carriers, in mitigating the adverse effects of salinity, focusing on strawberry yield and fruit quality.
Experiment was performed in a net-house in a factorial split-plot design, using three salinity levels
(0, 40, and 75 mM NaCl) and six priming treatment applications: hydroprimed (control), NaA,
melatonin, NaA + melatonin, proline, and NaA + proline. Cumulative fruit yield as well as fruit
antioxidant content were significantly improved by priming under both control and saline
conditions.

Funded by e project has recevad funding from the European Union's Horizan Eurape
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3.3 Project V_Plant Nano Biology / Plant Stress

Title: Exploring encapsulated priming agents and functionalized hydrogel prototypes towards
mitigation of salt stress in strawberry plants (tentative title)

Contributors Georgiadou EC, Taliadorou AM, Myrtsi ED, Torrado S, Soteriou A, Manganaris GA,
Fotopoulos V.

Brief description: Soil salinity is one of the major abiotic stresses limiting crop productivity
worldwide, particularly in arid and semi-arid regions. Present study explored the potential of
salicylic acid (SA) encapsulated in zein and sodium alginate functionalized with graphene oxide
(GO) as innovative priming agents to mitigate salinity stress in strawberry (Fragaria x ananassa)
plants. The experiment was contacted between April and June 2025 where fresh rooted strawberry
plants were planted in 1.4 L pots in peat-perlite substrate (3:2 ratio) under controlled conditions
and fertilized with a mixture of minerals. Different concentrations of salicylic acid (SA), zein, and
their encapsulated formulations, as well as graphene oxide (GO) and GO-functionalized sodium
alginate (NaA-GO), were evaluated to assess their effectiveness against salinity stress. Three
foliar treatment application were performed at different time-points prior to flowering, followed by
salinity stress initiation (100 mM NaCl) 2 days after the last priming application. Physiological and
biochemical parameters were evaluated to assess plant performance and oxidative stress
responses in response to the different treatments. Physiological measurements and leaf sampling
were performed at 2, 4, 6 and 8 days post-treatment under salinity stress. Biochemical markers
including malondialdehyde (MDA), hydrogen peroxide (H.0.), proline, and nitric oxide (NO) were
quantified. Results demonstrated that all treatments effectively mitigate the negative impacts of
salinity stress on strawberry plants. At early stages of stress induction, Zein and SA alone
significantly reduce MDA content while encapsulated formulations showed consistent reductions
in MDA content across all time points, with 50 mg/L Zein—SA exhibiting the strongest effect.
Similarly, GO and GO-functionalized sodium alginate treatments significantly decreased MDA
levels while hydrogen peroxide content was more variably affected. However, encapsulated
formulations and GO treatments at 0.02-0.04 mg/mL markedly reduced H.0. accumulation,
suggesting effective ROS detoxification. Proline content was significantly reduced in all SA, Zein
and encapsulated treatments reflecting the strong treatment impact on osmotic balance.
Functionalized NaA-GO combinations displayed strong performance in decreasing proline
content across all time points, confirming their role in enhancing stress tolerance. Nitric oxide
levels also decreased significantly, particularly under intermediate concentrations of SA and GO.
Encapsulation and nanocarrier systems provide a promising approach for the mitigation of
salinity-induced oxidative stress. The observed reductions in biochemical stress markers, suggest
that these treatments can effectively limit oxidative damage under abiotic stress conditions. The
study highlights the synergistic effect of bioactive compounds with nanocarrier systems in the
mitigation of oxidative damage induced under saline environments.
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4. Publications in Conference proceedings and technical magazines

4.1 Publication I_Acta Horticulturae

Title: Exploring the potential of priming agents towards enhanced performance of Rubus species
Contributors: G.A. Manganaris, N. Valanides, R. Gohari, J. Milivojevic, L.W. DeVetter, V. Fotopoulos
Journal: Acta Horticulturae

Cite as: Manganaris G.A., Valanides N., Gohari R., Milivojevic J., DeVetter L.W., Fotopoulos V.
Exploring the potential of priming agents towards enhanced performance of Rubus species. Acta
Horticulturae 2024, 1388, 7-16.

Brief description: Plants are exposed to multiple threats linked to climate change which can cause
critical yield losses. Therefore, designing novel crop management tools is crucial. Chemical
priming has recently emerged as an effective technology for improving tolerance to stress factors.
Several compounds such as phytohormones, reactive species, and synthetic chimeras have been
identified as promising priming agents. Following remarkable developments in nanotechnology,
several unique nanocarriers (NCs) have been engineered that can act as smart delivery systems.
These provide an eco-friendly, next-generation method for chemical priming, leading to increased
efficiency and reduced overall chemical usage. We review novel engineered NCs (NENCs) as
vehicles for chemical agents in advanced priming strategies, and address challenges and
opportunities to be met towards achieving sustainable agriculture. The concept of the application
of priming agents (PAs) to enhance yield performance and quality attributes of fruit crops is
relatively novel. The process of priming involves prior exposure to biotic or abiotic stress factors
rendering a plant more resistant/tolerant to future exposure. There is a wide range of compounds
that are considered to have a priming effect and can be classified into the following categories: (i)
chemicals (i.e., hormones, Reactive Oxygen Nitrogen and Sulphur Species (RONSS), and small
organic molecules), (i) microorganisms [i.e., arbuscular mycorrhizal fungi (AMF) and plant growth-
promoting bacteria (PGPR)], and (iii) nanomaterials (i.e., organic and inorganic nanoparticles, as
well as polymers). Soft fruits, also referred to as small fruits or berries, represent a wide and very
diverse group of crops that have high nutritional value but are very perishable with limited shelf-
life potential. These crops are also greatly affected by stress conditions. To our knowledge, the
concept of priming in soft fruits is relatively new with scarce information available. The aim of the
current report is dual. Initially, this report provides information regarding the prospects of priming
agents as a novel agricultural and technological approach to improve stress tolerance for a range
of Rubus species, namely red raspberry, blackberry, boysenberry, cloudberry, loganberry and black
raspberry. Additionally, it describes the challenges and constraints of raspberry production within
a global context, providing examples and case studies from the United States and Europe, two
industries with striking differences in their production models.
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4.2 Publication Il_ ISFC Magazine

Title: Are priming agents a step forward to enhance soft fruit yield efficiency?

Contributors: G.A. Manganaris, V. Fotopoulos

Cite as: Manganaris G.A. Are priming agents a step forward to enhance soft fruit yield efficiency?
ISFC Magazine 2024, pp. 72-73.

Brief description:

Introduction: The development of non-toxic synthetic and natural priming agents (PAs) towards
sustainably-sourced and environmentally sound products towards a resource-efficient circular
economy is an R&D activity that recently has received considerable attention. However, the effort of
the Lead Market Initiative (LMI) Advisory Group to trigger a market prospective for innovative products,
remains still, to a large extent, unimplemented. PRIMESOFT is a European-funded project (www.prime-
soft.eu) and its overarching objective is to explore innovations in the application of PAs in soft fruits
from a range of perspectives to take advantage of the EU-driven effort for product innovation,
development and marketization.

Defining the term ‘priming agent’: The process of priming involves prior exposure to abiotic stress
factors rendering a plant more resistant/tolerant to future exposure. There is a wide range of
compounds that are considered to have a priming effect and can be classified into the following
categories: (i) chemicals (i.e., hormones, Reactive Oxygen Nitrogen and Sulphur Species (RONSS),
and small organic molecules), (ii) microorganisms [i.e., arbuscular mycorrhizal fungi (AMF) and
plant growth-promoting bacteria (PGPR)], and (iii) nanomaterials (i.e., organic and inorganic
nanoparticles, as well as polymers). Recent research on chemical priming has provided further
knowledge of the complex mode of action of specific signalling molecules involved in the process
and enhanced plant tolerance against individual abiotic stresses. PAs additionally offers an
attractive alternative to commonly employed methodologies for enhancing tolerance to stresses,
as some are particularly time-consuming (i.e. conventional breeding) and others are currently
unacceptable in EU (i.e. plant genetic modification).

The concept and the novelty: Soft fruits, also referred to as small fruits or berries, represent a
wide and very diverse group of crops that have high nutritional value but are very perishable with
limited shelf-life potential. These crops are also greatly affected by stress conditions. The concept
of the application of priming agents (PAs) to enhance yield performance and quality attributes of
soft fruit crops is entirely novel. The presentation will provide information regarding the prospects
of priming agents as a novel agricultural and technological approach to improve stress tolerance,
giving special reference to strawberry cultivation. To our knowledge, existing technologies
representing major competition are limited to relatively few formulations/biostimulants based on
silicon nutrition/supplementation and which do not always provide cross-protection against
multiple abiotic stress factors, such as drought, salinity and heat. The novelty of our scientific
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strategy lays on the fact that it encompasses (1) the exploration of both a naturally derived priming
agent (PA) in the form of melatonin as well as a synthetic PA recently co-patented by the HO (use
of NOSH/NOSH-A in plants; W0/2015/123273) and (2) the employment of both advanced
nanomaterial engineering and encapsulation techniques through electro-hydrodynamic processes
to enhance PA's efficiency towards increment of yield, enhancement of health-promoting
properties and additionally ameliorate plant damage under climate change-related abiotic stress
conditions in added-value soft fruit crops, namely strawberry and raspberry.

Conclusion: Priming agents (PAs) have gathered unprecedented attention, with many companies
investing in R&D initiatives for their development, as the Europe’s new bioeconomy strategy and
action plan aspires at driving towards an increased and sustainable use of renewable resources.
We aim to bridge the gap between chemical and nanomaterial priming research and agricultural
practice in order to bring the inventions (i.e. beneficial effects of advanced nanomaterials
conjugated with natural metabolite-based PAs) closer to application and commercialization when
it comes to agricultural practice and more broadly to sustainable or “green” technologies.
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5. Presentations in Scientific Conferences

5.1 V ISHS Balkan Symposium on Fruit Growing

Presenter: George Manganaris

Dates: June 18-21, 2023

Organization: International Society for Horticultural Science (ISHS)

Place: Zagreb (Croatia)

Type of presentation: invited talk

Title: The efficacy of priming agents on qualitative attributes and phytochemical properties of
strawberry fruits

Contributors: S. Gedeon, E.C. Georgiadou, CJ Garcia, N. Valanides, A.M. Taliadorou, M. Balsells-
Llaurado, G. Gohari, A. Assiotis, F.A. Tomads-Barberan, V. Fotopoulos, GA Manganaris

Abstract: Strawberry (Fragaria x ananassa Duch.) is one of the most popular fruit in the world due
both to its taste and health-promoting properties. The fruit's organoleptic quality characteristics
include aroma, sweetness, acidity and fruit firmness. Numerous studies propose the application
of chemical agents to improve fruit quality. The use of priming agents (PAs) is a promising
strategy that is being widely expanded over the recent years to enhance the nutritional quality of
fruits. To this end, our study aimed to evaluate the effect of the pre-harvest application of an array
of priming agents (melatonin, sodium alginate, their combination and putrescine) on the
qualitative attributes and phytochemical properties of an early-harvested strawberry cultivar. The
priming agents were applied at three successive developmental stages, namely large green (LG),
small white (SW) and large white (LW). Fully-ripe strawberries without visible damage or disease
symptoms were harvested and an array of quality attributes [(fresh fruit weight, volume, color, flesh
firmness, soluble solids content (SSC) and titratable acidity (TA)] were determined. In addition, an
array of phytochemical properties were assessed [anthocyanins (pelargonidin-3-glucoside (Pg-3-
gluc), cyanidin-3-glucoside (Cy-3-gluc) and pelargonidin-3-rutinoside (Rg-3-rut), flavonols
(quercetin, kaempferol, myricetin and other flavonol glycosides), flavan-3-ols (proanthocyanidins
and catechins), hydroxybenzoic and hydroxycinnamic acid derivatives ( caffeic, ferulic and p-
coumaric derivatives, gallic, and other hydroxybenzoic derivatives, ellagic acid, and ellagitannins
(ellagic acid conjugates; hydrolysable tannins such as sanguin H6 sanguinarin, lambertianin, etc).].
The potential beneficial effect through the application of such priming agents on qualitative and
phytochemical properties of strawberries is discussed.
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5.2 X1l ISHS International Rubus and Ribes Symposium

Presenter: George Manganaris

Organization: International Society for Horticultural Science (ISHS)

Dates: July 14-21, 2023

Place: Portland (United States of America)

Type of presentation: keynote talk

Title: The employment of priming agents as elicitors towards enhanced performance of
raspberry plants

Contributors: G.A. Manganaris, N. Valanides, R. Gohari, J. Milivojevic, L.W. DeVetter, V.
Fotopoulos

Abstract: The concept of the application of priming agents (PAs) to enhance yield performance
and quality attributes of fruit crops is relatively novel. The process of priming involves prior
exposure to biotic or abiotic stress factors rendering a plant more resistant/tolerant to future
exposure. There is a wide range of compounds that are considered to have a priming effect and
can be classified into the following categories: (i) chemicals (i.e., hormones, Reactive Oxygen
Nitrogen and Sulphur Species (RONSS), and small organic molecules), (ii) microorganisms [i.e.,
arbuscular mycorrhizal fungi (AMF) and plant growth-promoting bacteria (PGPR)], and (iii)
nanomaterials (i.e., organic and inorganic nanoparticles, as well as polymers). Soft fruits, also
referred to as small fruits or berries, represent a wide and very diverse group of crops that have
high nutritional value but are very perishable with limited shelf-life potential. These crops are also
greatly affected by stress conditions. To our knowledge, the concept of priming in soft fruits is
relatively new with scarce information available. The aim of the current report is dual. Initially, this
report provides information regarding the prospects of priming agents as a novel agricultural and
technological approach to improve stress tolerance for a range of Rubus species, namely red
raspberry, blackberry, boysenberry, cloudberry, loganberry and black raspberry. Additionally, it
describes the challenges and constraints of raspberry production within a global context, providing
examples and case studies from the United States and Europe, two industries with striking
differences in their production models.

Highlights

- Expanding global production of soft fruits, including Rubus species, is challenged by biotic and abiotic stress factors.
Climate change and extremes in weather necessitate new tools that can rapidly and economically reduce crop loss
due to abiotic stress and should complement other breeding and horticultural research efforts.

- Inthe context of the high demand for fresh and processed raspberries in the world market, there is a great need to
increase the profitability of cultivation through the use of innovative, low-cost technologies, such as the application
of priming agents.

- Research and use of priming agents should be prioritized, particularly considering the adverse stress conditions
experienced due to climate change. It is also important to understand and apply the potential benefit from the
postharvest use of priming agents towards enhanced cold chain management from field to consumer.

- As ongoing research continues to unravel the specific mechanisms behind these priming agents' effects on
raspberry physiology and fruit quality, the potential for optimizing raspberry production and providing consumers
with high-quality, nutritious berries becomes increasingly evident.
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5.3 International Soft Fruit Conference

Presenter: George Manganaris

Organization: Delphy

Dates: January 10-11, 2024

Place: Den Bosch (The Netherlands)

Type of presentation: invited talk

Title: Are priming agents a step forward to enhance soft fruit yield efficiency?
Contributors: G.A. Manganaris, V. Fotopoulos

Brief description

Introduction: The development of non-toxic synthetic and natural priming agents (PAs) towards
sustainably-sourced and environmentally sound products towards a resource-efficient circular
economy is an R&D activity that recently has received considerable attention. However, the effort of
the Lead Market Initiative (LMI) Advisory Group to trigger a market prospective for innovative products,
remains still, to a large extent, unimplemented. PRIMESOFT is a European-funded project (www.prime-
soft.eu) and its overarching objective is to explore innovations in the application of PAs in soft fruits
from a range of perspectives to take advantage of the EU-driven effort for product innovation,
development and marketization.

Defining the term ‘priming agent’: The process of priming involves prior exposure to abiotic stress
factors rendering a plant more resistant/tolerant to future exposure. There is a wide range of
compounds that are considered to have a priming effect and can be classified into the following
categories: (i) chemicals (i.e., hormones, Reactive Oxygen Nitrogen and Sulphur Species (RONSS),
and small organic molecules), (ii) microorganisms [i.e., arbuscular mycorrhizal fungi (AMF) and
plant growth-promoting bacteria (PGPR)], and (iii) nanomaterials (i.e., organic and inorganic
nanoparticles, as well as polymers). Recent research on chemical priming has provided further
knowledge of the complex mode of action of specific signalling molecules involved in the process
and enhanced plant tolerance against individual abiotic stresses. PAs additionally offers an
attractive alternative to commonly employed methodologies for enhancing tolerance to stresses,
as some are particularly time-consuming (i.e. conventional breeding) and others are currently
unacceptable in EU (i.e. plant genetic modification).

The concept and the novelty: Soft fruits, also referred to as small fruits or berries, represent a
wide and very diverse group of crops that have high nutritional value but are very perishable with
limited shelf-life potential. These crops are also greatly affected by stress conditions. The concept
of the application of priming agents (PAs) to enhance yield performance and quality attributes of
soft fruit crops is entirely novel. The presentation will provide information regarding the prospects
of priming agents as a novel agricultural and technological approach to improve stress tolerance,
giving special reference to strawberry cultivation. To our knowledge, existing technologies
representing major competition are limited to relatively few formulations/biostimulants based on
silicon nutrition/supplementation and which do not always provide cross-protection against
multiple abiotic stress factors, such as drought, salinity and heat. The novelty of our scientific
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strategy lays on the fact that it encompasses (1) the exploration of both a naturally derived priming
agent (PA) in the form of melatonin as well as a synthetic PA recently co-patented by the HO (use
of NOSH/NOSH-A in plants; W0/2015/123273) and (2) the employment of both advanced
nanomaterial engineering and encapsulation techniques through electro-hydrodynamic processes
to enhance PA's efficiency towards increment of yield, enhancement of health-promoting
properties and additionally ameliorate plant damage under climate change-related abiotic stress
conditions in added-value soft fruit crops, namely strawberry and raspberry.

Conclusion: Priming agents (PAs) have gathered unprecedented attention, with many companies
investing in R&D initiatives for their development, as the Europe’s new bioeconomy strategy and
action plan aspires at driving towards an increased and sustainable use of renewable resources.
We aim to bridge the gap between chemical and nanomaterial priming research and agricultural
practice in order to bring the inventions (i.e. beneficial effects of advanced nanomaterials
conjugated with natural metabolite-based PAs) closer to application and commercialization when
it comes to agricultural practice and more broadly to sustainable or “green” technologies.
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5.4 European Horticulture Congress

Presenter: Egli Georgiadou

Dates: March 12-16, 2024

Organization: International Society for Horticultural Science (ISHS)

Place: Bucharest (Romania)

Type of presentation: oral talk

Title: NOSH-A, a donor that releases nitric oxide (NO), hydrogen sulfide (H2S) and aspirin, as a
promising tool to enhance phytochemical content of strawberry fruits

Contributors: GA Manganaris, E.C. Georgiadou, A.M. Taliadorou, V. Fotopoulos, CJ Garcia, F.A.
Tomas-Barberan, M.I. Gil

Abstract: Strawberry (Fragaria x ananassa Duch.) is one of the most popular fruit due to its
superior taste and its health-promoting properties. At the same time, it is a highly perishable crop
with limited market life. The working hypothesis of our experimental approach was to dissect the
efficacy of an array of molecules with potential ‘priming’ effect on postharvest performance and
antioxidant potential of strawberry fruits after 4,8 and 12 days of cold storage (4°C, 90% R.H.) and
additional maintenance at room temperature for 1 day. Strawberry fruits (cv. ‘Savana’) of uniform
size and ripening stage (commercial ripeness >80% of the surface red color), were hand-harvested
and immediately transferred to the laboratory. After removal of defective fruits, they were
separated to 24 lots of 60 fruits each. Each three lots were subjected to immersion with the
following postharvest treatments: (1) control (untreated), (2) hydro-primed, (3) NOSH-A, (4)
chitosan (CTS), (5) CTS-NOSH-A, (6) sodium alginate (Alg), (7) alginate-NOSH-A and (8) CTS-Alg-
NOSH-A. NOSH-A (patent WO/2015/123273) acts as a donor that releases nitric oxide (NO),
hydrogen sulfide (H2S), and aspirin (acetylsalicylic acid) concurrently. Chitosan is a biobased,
biologically safe and biodegradable polymer that has been exploited as a nanocarrier to deliver
efficiently an array of compounds, while alginate (sodium-based in our case) is another
biodegradable polymer applied in nano smart delivery systems. Quality attributes (fresh fruit
weight, volume, color, flesh firmness, soluble solids content (SSC) and titratable acidity (TA)) were
determined, without however any striking differences among treatments. Interestingly, a notable
increase in an array of phytochemical compounds were monitored in fruits treated with NOSH-A
such as ellagic acid, pelargonidin-3-glucoside, pelargonidin-3-rutinoside, catechin. Notably the
increment in such compounds was more pronounced after 8 days cold storage with a
consequential decrease after 12 days of cold storage.

Funded by e project has recevad funding from the European Union's Horizan Eurape
the European Union oragra-rime unde Crant Agreement 101079119 20



= & primesoft
%% D2.3 Scientific publications in journals and Conferences o> p

-

5.5 X ISHS Strawberry Symposium

Presenter: Vasileios Fotopoulos

Dates: March 16-21, 2025

Organization: International Society for Horticultural Science (ISHS)

Place: Yancheng (China)

Type of presentation: oral talk

Title: The spraying efficacy of an array of compounds with potential priming effect on secondary
metabolism of strawberry fruits

Contributors: E.C. Georgiadou, J Garcia, Tomds-Barberan, M. Hertog, V. Fotopoulos, GA.
Manganaris

Abstract: The application of priming agents is a promising strategy that is being widely expanded
over the recent years to enhance quantitative and qualitative attributes for an array of horticultural
crops. Strawberry (Fragaria x ananassa Duch.) is a delicate fruit crop with exponential growth in
terms of production volumes and consumption. However, there are certain periods during the
calendar year with limited availability. In the current study, the effect of melatonin, sodium alginate,
their combination and putrescine) on the qualitative attributes and phytochemical properties of an
early-harvested strawberry cultivar that mainly produces off-season was tested. In particular,
melatonin (N-acetyl-5-methoxytryptamine, Mel), is a well-conserved hormone that acts as a growth
regulator, being present both in animals and plants and has received accumulating interest overt
the recent years. The priming agents were applied on three successive developmental stages,
namely large green (LG), small white (SW) and large white (LW). Fully-ripe strawberries without
visible damage or disease symptoms were harvested and an array of quality attributes [(fresh fruit
weight, volume, color, flesh firmness, soluble solids content (SSC) and titratable acidity (TA)]
phytochemical properties were assessed [anthocyanins, flavonols, flavan-3-ols, hydroxybenzoic
and hydroxycinnamic acid derivatives and other hydroxybenzoic derivatives, ellagic acid, and
ellagitannins] and volatile organic compounds were assessed.We hypothesize that the exogenous
pre-harvest application of priming agents (Mel, NaA, their combination in a conjugated form (Mel
+NaA), and Put) on strawberry fruit undergoing ripening processes on-bush -under non-stressful
conditions- will result in improved physicochemical properties and qualitative attributes. The
potential beneficial effect through the application of such priming agents on qualitative and
phytochemical properties and aromatic profile of strawberries is discussed.
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Presenter: Elena Myrtsi

Dates: March 16-21, 2025

Organization: International Society for Horticultural Science (ISHS)

Place: Yancheng (China)

Type of presentation: oral talk

Title: The efficacy of a novel priming agent on postharvest performance and phytochemical
profile of strawberry fruits

Contributors: E.C. Georgiadou, E. Myrtsi CJ Garcia, Tomas-Barberan,, V. Fotopoulos, GA.
Manganaris

Abstract: The Strawberry (Fragaria x ananassa Duch.) is one of the most popular fruit crops
worldwide with a considerable growth in terms of production volumes, mainly attributed to its
appealing appearance and high nutritional and phytochemical content. Strawberry fruits (cv.
‘Savana’) of uniform size and ripening stage (commercial ripeness >80% of the surface red color),
were hand-harvested and separated to 24 lots of 60 fruits each. Each three lots were subjected to
immersion with the following postharvest treatments: (1) control (untreated), (2) hydro-primed, (3)
NOSH-A, (4) chitosan (CTS), (5) sodium alginate (Alg). Subsequently, such fruit were analyzed after
4,8 and 12 days of cold storage (4°C, 90% R.H.) and additional maintenance at room temperature
for 1 day. NOSH-A (patent WO/2015/123273) acts as a donor that releases nitric oxide (NO),
hydrogen sulfide (H2S), and aspirin (acetylsalicylic acid) concurrently. Chitosan is a biobased,
biologically safe and biodegradable polymer that has been exploited as a nanocarrier to deliver
efficiently an array of compounds, while alginate (sodium-based in our case) is another
biodegradable polymer applied in nano smart delivery systems. Interestingly, results indicated a
notable increase in an array of phytochemical compounds were monitored in fruits treated with
NOSH-A such as ellagic acid, pelargonidin-3-glucoside, pelargonidin-3-rutinoside, catechin. This
increase was more pronounced after 8 days cold storage and reduced thereafter concomitant with
quality losses. Results reported herein indicates that compounds with priming activity in order to
combat abiotic stress conditions at preharvest level can be additionally exploited at postharvest
level on fresh produce with enhanced qualitative or phytochemical properties or both.
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Presenter: Egli Georgiadou

Dates: March 16-21, 2025

Organization: International Society for Horticultural Science (ISHS)

Place: Yancheng (China)

Type of presentation: oral talk

Title: The efficacy of a compounds with potential priming effect on alleviation of stress
conditions due to salinity in strawberry plants and fruits’ phytochemical content

Contributors: E.C. Georgiadou, N. Valanides, A. Taliadorou, E. Myrtsi, S. Torrado, V. Fotopoulos,
GA Manganaris

Abstract: Strawberry plants (cv. “Red Cayma 10-75"), received as fresh rooted tray plants, were
cultivated during the period October 2023 - February 2024 under greenhouse conditions (Nicosia,
Cyprus, 35°8'0"N 33°2'0"E) and used for the needs of the current study. Fresh tray plants were
transplanted in 6.5 L pots in the greenhouse where they were arranged in randomized complete
block design, consisting in five blocks and two different factors (different treatment application
within blocks) and different levels of salinity stress implementation. The following treatments
were applied: (1) Untreated, (2) hydroprimed, (3) sodium alginate (0.1 % w/v), (4) melatonin (100
uM), (5) melatonin conjugated with alginate, (6) proline (2 mM) and (7) proline conjugated with
alginate. To ensure the binding of the compounds on leaf surface, 0.1% w/v Tween-20 surfactant
was added in each solution. Treatment application was performed at different timepoints between
transplantation and plant growth. In order to evaluate the efficiency of the compounds applied as
stress alleviation strategies, salinity stress was imposed 4-days after the last priming application
at two concentrations (40 mM and 75 mM) along with the control (no stress implementation).
Noteworthy, salinity treatments led to fruit with higher phytochemical content. This study will
discuss the effect of the compounds applied and its conjugates with potential priming effect on
yield efficiency, as well as physiological and biochemical indices.
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5.6 International Symposium on Biotechnological Tools

Presenter: Egli Georgiadou

Dates: May 5-8, 2025

Organization: International Society for Horticultural Science (ISHS)

Place: Rimini (Italy)

Type of presentation: flash oral talk

Title: The application of priming agents as stress alleviation strategy to combat abiotic conditions
in strawberry plants: a genomic approach

Contributors: EC Georgiadou, A Taliadorou, E Myrtsi, S Torrado, N Valanides, CJ Garcia, F Tomas-
Barberan, GA Manganaris, V Fotopoulos

Abstract: Strawberry cultivation and production is currently affected by multiple challenges that
threaten both yield efficiency and fruit quality parameters. Considering that strawberry plant is a
salt sensitive crop, this study aimed to dissect the efficacy of such stress conditions under
different regimes of salt conditions. The trial was implemented as a factorial scheme with three
levels of salinity stress and application of five priming agents (100 pM Melatonin, 0.1 % w/v
sodium alginate (NaA)/100uM melatonin, 2mM proline, 0.1% w/v sodium alginate (NaA)/2 mM
proline.) with two controls (Untreated and Hydro-primed), in split-plot design with five replicates
(five blocks). In order to prevent excess salt accumulation in the growth medium, pots were
irrigated with fresh water at five days intervals along the experimental period for 24h and then
continue with the irrigation using saline water. Based in the physicochemical and biochemical
analysis conducted, a set of 81 samples were selected for further RNA sequencing analysis. This
study will report the main findings regarding the genes involved and/or governing the efficacy of
priming agents in the alleviation of stress conditions as well as how salinity may affect the
qualitative properties and phytochemical profile of strawberry fruits.
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5.7 Annual meeting of RECROP COST action

Presenter: George Manganaris

Dates: May 14-16, 2025

Organization: COST (European Cooperation in Science and Technology) /RECROP:

reproductive enhancement of CROP resilience to extreme climate

Place: Thessaloniki (Greece)

Type of presentation: oral talk

Title: The application of priming agents as a stress alleviation strategy to combat abiotic
conditions in soft fruit crops

Contributors: EC Georgiadou, N Valanides, A Taliadorou, E Myrtsi, S Torrado, V Fotopoulos, GA
Manganaris

Abstract: Soft fruits comprise a diverse group of crops that belongs to different genus (Fragaria,
Ribes, Rubus, Vaccinium) and thus are being characterized by different properties and
requirements. The current presentation aims to shed light in the efficacy of priming agents to
strawberry and raspberry plants grown both under conventional conditions and or after application
of stress factors, namely salinity. Special reference will be given to strawberry cultivation and
production that is currently affected by multiple challenges that threaten both yield efficiency and
fruit quality parameters. The trial was implemented as a factorial scheme with three levels of
salinity stress and application of five priming agents (100 uM Melatonin, 0.1% w/v sodium alginate
(NaA)/100 pM melatonin, 2 mM proline, 0.1% w/v sodium alginate (NaA)/2 mM proline) with two
controls (Untreated and Hydro-primed), in split-plot design with five replicates (five blocks).
Considering raspberry plants, melatonin (Mel), glycine betaine (GB), NOSH, sodium alginate (SA),
combination of Mel and SA, DMSO and Water (Control), were applied in 4 successive growth
stages of cv. ‘Vica Abril’. Overall, this study will report the main findings regarding the genes
involved and/or governing the efficacy of priming agents in the alleviation of stress conditions as
well as how salinity may affect the qualitative properties and phytochemical profile of strawberry
fruits.
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5.8 IV International Strawberry Congress

Presenter: George Manganaris

Dates: September 17-19, 2025

Organization: CoOperatie Hoogstraten

Place: Antwerp (Belgium)

Type of presentation: oral talk

Title: The application of priming agents as an alleviation strategy to combat salinity stress in
strawberry plants: a physiological, biochemical and transcriptomic approach

Contributors: EC Georgiadou, S Torrado, A Taliadorou, V Fotopoulos, GA Manganaris

Abstract: Strawberry cultivation and production is affected by multiple challenges that threaten
both yield efficiency and fruit quality parameters. The current study aims to shed light in the
efficacy of priming agents to improve plant productivity and fruit quality of strawberry plants
grown under conventional and salt stress conditions through a physiological, biochemical and
transcriptomic approaches. The trial was conducted as a factorial design with three levels of
salinity stress (0 mM, 40 mM and 75 mM) and application of five priming agents (100 pM
Melatonin, 0.1% w/v sodium alginate (NaA)/100 uM melatonin, 2 mM proline, 0.1% (w/v) sodium
alginate (NaA)/2 mM proline) with hydro-prime as control, in a split-plot manner with five blocks.
This study will report the main findings regarding the genes involved and/or governing the efficacy
of priming agents (PAs) in the alleviation of stress conditions as well as how salinity may affect
the qualitative properties and phytochemical profile of strawberry fruits.

]
I

Funded by e project has recevad funding from the European Union's Horizan Eurape
the European Union oragra-rime unde Crant Agreement 101079119 26



& & primesoft
%% D2.3 Scientific publications in journals and Conferences o p

S

Presenter: Egli Georgiadou

Dates: September 17-19, 2025

Organization: Codperatie Hoogstraten

Place: Antwerp (Belgium)

Type of presentation: poster

Title: The efficacy of postharvest application of coatings and priming agents on quality attributes,
volatilome fingerprinting and antioxidant potential of strawberry fruits

Contributors: EC Georgiadou, E Myrtsi, A Taliadorou, S Torrado, V Fotopoulos, GA Manganaris

Abstract: Strawberry (Fragaria x ananassa Duch.) is a highly perishable crop with limited market
life. Several coatings have been reported to have a beneficial effect on its storage potential yetm
to our knowledge, few of them have been adotped at commercial scale. The concept of applying
compounds with priming effect at plant level to combat stress conditions (i.e. slainity, drought,
heat) is quite novel, while scarce information exist regarding the efficacy of such compounds
under storage conditions (where cold temperature maintainance can be consider as a stress
factor). To this aim, the efficacy of biodegrable polymers and a priming agent on strawberry
postharvest performance was tested in teh current study. In particular, we applied in freshly
harevested strawberry fruits (cv. ‘Savana’) of uniform size and ripening stage the following
postharvest treatments: (1) control (untreated), (2) hydro-primed, (3) NOSH-A, (4) chitosan (CTS),
(5) sodium alginate. NOSH-A (patent W0/2015/123273) acts as a donor that releases nitric oxide
(NO), hydrogen sulfide (H2S), and aspirin (acetylsalicylic acid) concurrently. Chitosan is a
biobased, biologically safe and biodegradable polymer that has been exploited as a nanocarrier to
deliver efficiently an array of compounds, while alginate (sodium-based in our case) is another
biodegradable polymer applied in nano smart delivery systems. Quality attributes were
determined, without however any striking differences among treatments. Interestingly, a notable
increase in an array of phytochemical compounds were monitored in fruits treated with NOSH-A
such as ellagic acid, pelargonidin-3-glucoside, pelargonidin-3-rutinoside, catechin. Notably the
increment in such compounds was more pronounced after 8 days cold storage with a
consequential decrease after 12 days of cold storage. HS-SPME-GC analysis identified 140 unique
volatile organic compounds (VOCs). Chitosan-treated strawberries showed the most distinct VOC
profile after extended cold storage with higher contents of methyl hexanoate.
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Presenter: Sofia Torrado

Dates: September 17-19, 2025

Organization: Codperatie Hoogstraten

Place: Antwerp (Belgium)

Type of presentation: poster

Title: The impact of chemical priming on the physiology and productivity of strawberries under
deficit irrigation

Contributors: S Torrado, E Georgiadou, E Myrtsi, A Taliadorou, V Fotopoulos, GA Manganaris

Abstract: The experiment was conducted from October 2023 to February 2024 in a strawberry
field in Astromeritis village, Nicosia district (160 m (520 ft) above sea level, latitude: 35°8'0"N,
longitude: 33°2'0"E), using fresh rooted strawberry "Red Cayma 10-75" plants. Fresh tray plants
were transplanted into 6.5L pots in the net house. The trial was carried out using a factorial design
with 50% deficit irrigation and the application of five priming agents (PAs) with two controls
(untreated and hydro-primed), in a split-plot design with five replicates (five blocks). This study
used five priming agents (PAs) and two controls (hydro-primed and untreated) allocated in each
block: untreated, water-spray, 0.1% w/v sodium alginate (NaA), 100uM melatonin, 0.1% w/v
sodium alginate (NaA)/100uM melatonin, 2mM proline, and 0.1% w/v sodium alginate (NaA)/2mM
proline. To ensure that the PAs bind to the leaf surface, each solution contained 0.1% w/v Tween-
20 surfactant. The first application was performed as a root application two days before
transplantation. In the net-house, two additional foliar treatments were applied prior to flowering
at 8 and 15 days after transplantation. This study will provide insights to what extent compounds
tested affected yield efficiency and earliness of production. A set of biochemical, physiological
factors analysed will be additionally discussed.
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5.9 Conference of the Hellenic Society for Horticultural Science

Presenter: Egli Georgiadou

Dates: October 20-23, 2025

Organization: Hellenic Society for Horticultural Science

Place: Volos (Greece)

Type of presentation: oral

Title: H epappoyn mapayoviwy €vavong wg oTpatnyLkni yia tn dtaxeipton cuvOnkwy apLloTikng
Katamnovnong Adyw aAatotnTag o€ GuTda pPAouAaq

Contributors: AX l'ewpyldadou, A TaAtadwpov, E MiOpton, S Torrado, N Bahaviéng, F Tomas-
Barberdn, CJ Garcia, 'A Mayyavapng, B dwtomouAog

Abstract: Ta TteAevtaia xpovia mapatnpeitat cuvexng avfnon Twv aKPaiwv Kalplkwy
PaLvopEVWY OTwg Enpaocia, {eotn, YuXoG Kat ahatotnta. Emopevwg, eival onuavtikn n €peuvva
VEWV TEXVOAOYLWYV yla TN BeATiwon TNG avBEKTIKOTNTAG TWV PUTWYV OE TIAPAYOVTEG ABLOTIKNAG
katamnovnong. H mapovoa peAetn otoxeLel otnv agloAdynon tng emnidpaong SLapopeTikwv
TIaPAyovVTWY €vauong Kal Twv ouLvOLAoPWY Toug HE aAywviko vdatplo (NaA,) évavil tng
epappoyng dvo erunedwyv aAatoTNTAG Kat TNG EMIOPACHG TOLG OTNV TAPAYWYLKOTNTA Kal ThV
TOLOTNTA TWV KAPTIWV TNG PpAocvAag. Ta @utd gpdouvAag (moikihia “Red Sayama 1075),
Tiapaingenkav weg epeoka pL{wpeva puta oe Siokoug Kal peTaPuTELTNKAV KATW anod dixtu oe
KTAPA KaAALEpyeLag ppdouvAag (Aeukwoia, Kompog, 35°8'0"N 33°2'0"E). To neipapa oxedldotnke
WG TaPayovilko oxedlo pe dVO OLAPOPETIKEG OULYKEVIPWOELG CAATIOU KAl HPE TEVTE
EMAVAANYPELG KAl EPAPUOYES TIapayovTwy evavong. OL emepBacelg kataveundnkav tuxaia otnv
KUPLO KOUMATL YNG, eVW Ta emineda katanovnong Katavepunbnkav og umo Koppdtia yng. Ot
akohouBeg petaxelpioelg epapudotnkav:1) vepd, 2) pehatovivn, 3) NaA, 4) NaA/pehatovivn, 5)
TipoAivn, 6) NaA/mpoAivn. Mapatnprioage OTL N €QAPHPOYH TAPAYOVTWY €vavong augavel
ONUAVTLKA TNV TApaywyLKOTNTA TWV PUTWYV KATA TIEPLOCOTEPO amno 50% oe cLYKPLON PE Ta uTd
IOV YEKACONKAV POVO E VEPO, OTAV eV LTIAPXEL KATATIOVNON. YTIO CLUVONKEG NTLAg aAaToTNTAG,
n NaA/pelatovivn kat n mpoAivn deixvouv onuavtikn avgnon otnv mapaywyr. ZnUavTikn
BeATiwon oTnV MEPLEKTIKOTNTA AOKOPPLKOL 0EE0G OTOUG KAPTIOUG ppaocuAag €6eL€e n evauvon
pe TpoAivn, pehatovivn, kat NaA og olyKpLon He TA QUTA TIOL YEKACBNKAV HOVO HE VEPO LTIO
ATLEC OLVONKEG AAATOTNTAG. TNHAVTLKEG HETABOAEG Ttapatnendnkav umd evtovn ahatoTnta,
omou n €vavon pe NaA kat TpoAivn eixe onuavtika BeTIKN €Midpaon oTNV TMEPLEKTIKOTNTA
avBokuavivwy. AkoAoLBwG, n petaxelpioelg NaA, mpoAivn Kat oL cuvduacpol Toug ennpeacav
o€ PeYAAo BaBuo TNV OALKN QALVOALKA TIEPLEKTIKOTNTA TWV KAPTIWV PPAOULAQG UTIO CUVONKEG
€VTOVNG KATamovnong, o€ cLYKPLON UE TA PUTA TIOL YEKACONKAV pOvo pe vepo. H petayeipion
NaA/mpoAivn otV OALKH PALVOALKI TIEPLEKTIKOTNTA ATAV ONUAVTLKI AKOMN Kal 0Tav dev LTpxe
katamnovnon. Telog, ota pAaBovoeldn vmo ATLa 1} KABOAOU KATATIOVNON Ol UETAXELPIOELG ME
peAatovivn kat NaA/pelatovivn av€nbnkav, evw O €vtovn Katamovnon avfnenke n ovcia
KEPKETLVN-3-yAUKOLPOVIOLO OTLG HETAXELPLOELG e peAaTovivn kat pe NaA/mpoAivn.

Funded by [Me oroject has recaived funding from the European Union's Horizon Europe

the European Union oragra-rime unde Crant Agreement 101079119 29



& & primesoft
%% D2.3 Scientific publications in journals and Conferences o p

S

Presenter: Elena Myrtsi

Dates: October 20-23, 2025

Organization: Hellenic Society for Horticultural Science

Place: Volos (Greece)

Type of presentation: oral

Title: BeAtioTomoinon mapaywyng Kat mototntag opgovpwy (Rubus idaeus L.) péow e@appoyng
Tapayoviwy €vavong

Contributors: E MUpton, N BaAaviéng, AX Mlewpytadov, CJ Garcia, A TaAtadbwpov, S Torrado,
MLATM Hertog, B. dwtomnouvAog, F'A Mayyavdpng'

Abstract: Ta op€oupa (Rubus idaeus) amoteholv @poLTa LYNANG dlatpoPlkig agiag, Kabwg
eilvat mAovola og avTlogedWTIKA KAl GUPBAAAOULY BETIKA GTNV TIPOANYN XPOVIwY acBevelwy. To
av§avopevo evdlagepov yla TNV KAtavalwon Kat Tnv KAaAALEPYELd TOUG E€XEL odnynoeL ot
onUavTLKN Taykoopla avnon tng mapaywyng Toug. XTtnv mapovoa PeAETN dlepeuvnBnKe n
eMidpaon MEVTE TAPAYOVTWY €vAuong OTNV Tapaywyn Kat oTad TOLOTIKA XAPAKTNPLOTIKA TWV
kapriwv (motk. ‘Vica Abril’). Ztn peAétn avtr egappootnkav ot €€ng petaxelpiostg: (i)
peAatovivn (Mel, 100 pM), (i) yAukivn-Betdivn (GB, 10 mM), (iii) aAywviké vatplo (NaA, 0,5% w/v),
(iv) obpumthoko NaA pe Mel (NaA/Mel, 0,5% (w/v)/100 uM) kat (v) NOSH-Aomupivn (NOSH-A, 100
UM), evw xpnotpomolRtnkav weg HApTupeg To vepo (UApTupag) Kat To diueBulocouApoteidlo
(DMSO0). To NOSH-A amoteAei €va KatvoTopo Tpolov Tou propei va dpa wg Tavtoxpovog 86TNng
povoeidlov tou alwtov (NO), vdpoBelov (H2S) kat akeTUAOCAAIKUALKOU 0&€og. H Tpwtn
E(PAPHOYN TIPAYHATOTIOONKE Pe PLIOTIOTIONA OTA VEAPA PUTAPLA TIPLV TN UETAPUTEUOH TOUG,
KOl OTN OUVEXELO PE YEKAOWO og TECoEPA Xpovikd onueia: 3, 30, 60 kat 90 nuepeg PeTA TN
@UTELON. IKOTOG TNG epyaciag ntav va aflohoynbei n emnidpaon twv petaxelpicewv otnv
anddoon Kat TNV MoLdTNTA TWV KapTwy, KaBwg Kat va peAeTNOOLY oL TLBAVEG EPAPHPOYEG TOUG
yla tn BeAtiwon tng KaAAlEpyelag opgovpwy. Ta anoteAéopata tng PHeAETNG €deLav OTL TO
NOSH-A kat n Mel amoteAolv UTIOOXOUEVEG HETAXELPLOELG, YE TO TMPWTO va eVIOXVEL TNV
TIoLOTNTA TWV PPOLTWYV amnodidbovtag opeovpa MAovaota oe Brtapivn C kat pAapovoeldn, evw TO
deLTEPO gvioxLEeL TNV anodoon TNG Mapaywyng kata 13%. EmumnAgov, otn petaxeipion pe Mel
napatnpeital €va apWHATIKO TIPOPIA HE EVIOXUHEVA XAPAKTNPLOTIKA E0TIEPLOOELOWY, OTIWG
AMOTUTIWVETAL ATO TN CNUAVTLKA avgnUEVN CUYKEVTPWON AEPOVEVIOU, N oTtoia avepxeTal oTo
8,19%. EmunpooBeta n pETAXELPLON TWV KAPTIWY PE PEAATOViv 0dynoe o€ onuavTLKi Peiwon
TOU TIOGOOTOU TWV XAowWdwV duCAPECTWY OCHWV.
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6. Appendix

I.  Gohari G, Jiang M, Manganaris GA, Zhou J, Fotopoulos V. Next generation chemical
priming: with a little help from our nanocarrier friends. Trends in Plant Science 2024, 29,
150-166. (pdf file)

Il. Georgiadou EC, Garcia CJ, Taliadorou AM, Gedeon S, Valanides N, Varaldo A, Gohari G,
Balsells-Llauradé M, Alcazar R, Hertog MLATM, Tomas-Barberan FA, Manganaris GA,
Fotopoulos V. Pre-harvest application of melatonin, putrescine and sodium alginate
functionalized with melatonin as potential enhancers of secondary metabolism in
strawberry fruit. Current Plant Biology 2025, 43:100515. (pdf file)

[ll. Xyderou Malefaki A, Valanides N, Manganaris GA, Wasko DeVetter L, Papadaki S, Krokida
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as a potential tool to enhance phytochemical content, aroma profile and market life of
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V. Valanides N, Georgiadou EC, Myrtsi ED, Garcia CJ, Taliadorou A, Torrado S, Hertog
MLATM, Tomas-Barberan F, Fotopoulos V, Manganaris GA. Application of priming agents
in red raspberries prior to transplantation and at pre-flowering stages results in improved
yield efficiency and enhanced secondary metabolism. Scientia Horticulturae 2025, 114465.
(pdf file)

VI. Manganaris GA, Valanides N, Gohari R, Milivojevic J, DeVetter LW, Fotopoulos V. Exploring
the potential of priming agents towards enhanced performance of Rubus species. Acta
Horticultuare 2024, in press (pdf file)

Vi

.Manganaris G.A. Are priming agents a step forward to enhance soft fruit yield efficiency?
ISFC Magazine 2024, pp. 72-73. (pdf file)

VIII. Georgiadou EC, Taliadorou AM, Myrtsi ED, Torrado S, Valanides N, Bini L, Manganaris GA,
Fotopoulos V. Impact of chemical priming on yield efficiency and on physiological and
biochemical properties of field-grown strawberry plants grown under a deficit irrigation
regime. Scientific Reports 2025, in press.
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IX. Frakolaki G, Parcharidou M, Boukouvalas C, Papadaki S, Panagiotou N, Valanides N, Kokkini

A, Georgiadou EC, Milivojevi¢ J, Tsormpatsidis E, Raffaelli D, Mezzetti B, Manganaris GA,
Krokida M. Comparative Environmental Impacts of Strawberry Cultivation in Southeastern
Europe: A study across open-field and protected cultivation systems towards sustainably-
sourced production models. Journal of Agriculture and Food Research 2025, under
evaluation.

X. Taliadorou A, Georgiadou EC, Myrtsi E, Torrado S, Valanides N, Tomas-Barberan F, Garcia
CJ, Manganaris GA, Fotopoulos V. Implementation of novel priming agents as a stress
alleviation strategy in strawberry production and their role on improving yield and fruit
quality (tentative title). in preparation

XI. Georgiadou EC, Taliadorou AM, Myrtsi ED, Torrado S, Soteriou A, Manganaris GA,
Fotopoulos V. Exploring encapsulated priming agents and functionalized hydrogel
prototypes towards mitigation of salt stress in strawberry plants (tentative title) in
preparation
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Special issue: 21st century tools in plant science

Trends in

Plant Science

Next generation chemical priming: with a little

help from our nanocarrier friends

Gholamreza Gohari, "> Meng Jiang,® George A. Manganaris, ! Jie Zhou,*** and Vasileios Fotopoulos

Plants are exposed to multiple threats linked to climate change which can cause
critical yield losses. Therefore, designing novel crop management tools is
crucial. Chemical priming has recently emerged as an effective technology for
improving tolerance to stress factors. Several compounds such as phytohor-
mones, reactive species, and synthetic chimeras have been identified as prom-
ising priming agents. Following remarkable developments in nanotechnology,
several unique nanocarriers (NCs) have been engineered that can act as smart
delivery systems. These provide an eco-friendly, next-generation method for
chemical priming, leading to increased efficiency and reduced overall chemical
usage. We review novel engineered NCs (NENCs) as vehicles for chemical
agents in advanced priming strategies, and address challenges and opportuni-
ties to be met towards achieving sustainable agriculture.

Essentials of plant chemical priming in a nutshell

Due to their sessile lifestyle, plants, including both crop and non-crop species, are continuously
challenged by multiple types of biotic and abiotic stresses throughout their life cycle. Plants
may be exposed to stress episodes sequentially or simultaneously. Crucially, a combination of
biotic or abiotic stresses may exacerbate the devastating effects on crop productivity compared
with the individual effects of the stressors. Recent advances in plant stress physiology have
focused the questions of plant biologists on how plants prepare themselves for the possible re-
currence of a stress that has passed, and on the type of responses that are generated following
recurrence of the same stress factor. Another critical concern has arisen about the responses of
plants exposed to different stresses at different stages of their life cycle.

Among the approaches used to address environmental constraints, seed and seedling priming
has been receiving an increasing degree of attention, as evidenced by ~1957 documents in the
agricultural and biological sciences according to the SCOPUS database, and more than half of
these works have been published in the past 5 years. The main philosophy of priming is to en-
hance the tolerance of plants to stress factors by using priming agents, and this is achieved by
activating multiple defense-related pathways. Plants can be primed to better tolerate the
stressors through modifications in primary and secondary metabolism. The remarkable effects
of priming have been demonstrated across a range of crop and non-crop species. Priming can
be initiated naturally following exposure to an environmental stress (also known as physiological
priming or hardening), and it can also be achieved by exogenous treatment with biotic (organismal)
and abiotic (nonorganismal) priming agents [1]. The latter most commonly involve chemical agents
such as natural metabolites or synthetic chemical compounds, and present exciting opportunities
for more effective use of plant priming in crop stress management [2].

Changes in osmoregulation, detoxification of reactive oxygen species (ROS), and protein and ion
homeostasis mediated by chemical priming agents have been associated with acquired tolerance
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Highlights

-Nanocarriers (NCs) functionalized with
chemical agents represent a novel ap-
proach for improved priming efficiency
through targeted delivery.

Multifunctional priming through the com-
bined used of different agents in novel
engineered nanocarriers (NENCs) has
the potential to achieve multiple benefits
in plants.

The application of NENCs as seed coat-
ings has the potential to improve crop
yields, while achieving maximum cost-
effectiveness compared with application
at the plant level as it requires less time
and labor.

Gene-editing techniques can be used to
modify the expression of targeted genes
involved in plant priming as identified by
transcriptomic approaches, and can en-
hance the ability of plants to respond to
priming treatments and improve their
overall performance.
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in plants. Morphogenetic responses and the release of biologically active compounds are the result
of such metabolic changes. Among the priming agents used, sodium nitroprusside [3,4], hydrogen
peroxide [5], sodium hydrosulfide [6,7], melatonin [8,9], polyamines [10,11], amino acids [12], and
volatile organic compounds [13,14] have been shown to confer remarkable increases in stress
tolerance. Recently, Antoniou et al. [15] demonstrated the potential of a newly synthesized aspirin
variant NOSH-A, see Glossary) as a highly promising priming agent. NOSH-A acts as a donor that
releases nitric oxide (NO), hydrogen sulfide (H,S), and aspirin (acetylsalicylic acid) concurrently, and
NOSH specifically donates NO and H.S. The simultaneous donation of multiple signal/hormonal
molecules by NOSH compounds makes them highly attractive candidates for priming agents
through the concept of multifunctional priming whereby multiple benefits can be achieved through
the synergistic activity of different agents.

Mode of action

Priming results in a modified physiological state that causes the plants to respond in a more robust
way after they have been exposed to a stressor. Compared with nonprimed plants, such an acquired
primed state manifests itself as faster and/or more efficient defense responses to the stressors, lead-
ing to improved plant phenotypes. To survive and reproduce, plants rely on highly sophisticated and
elaborate systems to defend themselves. Priming triggers an array of complex biochemical and mo-
lecular changes via molecular signaling [2,16]. ROS, which act as second messengers in plant sig-
naling pathways, accumulate during eustress and/or distress [16]. The acquisition of tolerance to
stressors also depends on signaling by calcium ions which act as a second messengers. Ca®* is
a key cellular component that plays a role in coordinating cellular signaling responses to environmen-
tal stimuli [17]. Such signaling molecules can then trigger the induction of defense-related genes. Fur-
thermore, enhancement of plant tolerance through the exogenous application of NO, H,S, and H,O»
involves the regulation of various defense-related genes. The expression of these genes is not only
influenced before the imposition of abiotic stress but is also increased during stress conditions.
These include not only genes encoding proteins directly engaged in safeguarding plants from stress
but also genes related to gene regulation, such as transcription factor (TF) genes, and those involved
in signal transduction pathways [18,19]. For instance, ethylene priming increased the expression
levels of antioxidant enzymes and ethylene biosynthesis genes, resulting in tolerance to waterlogging
stress [20]. Sucrose-mediated priming can induce the expression of specific genes involved in the
synthesis of pathogenesis-related proteins (i.e., PRs) [21]. In addition to second messenger signaling
and gene regulation, hormonal signaling is also a critical player involved in the primed state [22]. Fang
et al. [22] reported that priming with salicylic acid (SA) increased the concentration of hormones such
as SA, abscisic acid, and dihydrozeatin, while it decreased the levels of gibberellins GA4 and GA;.
Such changes in hormonal status may act as signals to activate defense pathways and modulate
subsequent responses of plants to stressors. Furthermore, induced epigenetic modifications are
major contributors to maintaining the primed state in subsequent plant generations, and thus con-
tribute to the concept of priming memory, discussed later.

Priming memory

Priming memory can be simply defined as the phenomenon whereby plants, including seeds and
seedlings, are exposed to a mild stress event which in turn boosts their ability to cope with future
stressors [23,24]. In other words, the ability to retain the information/experience of past stressors is
referred to as the memory of primed seeds or seedlings. Both the memory of initial (priming) stress
and the retrieval of stored information are essential when faced with subsequent stress, particularly
when no stress occurs between the two stressful events [25]. This acquired ability primes plants to
respond more quickly or strongly to recurrent stressors [26]. Such acquired information in the
primed state can prime plants in the same generation and pass on the 'information’ to the next
generation [27].
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Glossary

Nanocarriers (NCs): small, practical
transporters that can change their
physical properties such as charge and
shape to deliver relevant chemicals to
plant tissues.

Nanoparticles (NPs): particles that
range in size from 1 to 100 nm and
feature two or three exterior dimensions
or internal surface structures. In contrast
to their molecular counterparts, NPs
exhibit unique physicochemical
characteristics such as a high surface-
to-volume ratio, an unusual surface
structure, and increased reactivity.
These characteristics are a result of NP
cohesiveness, chemical composition,
stability, surface structure, shape, and
minor size. The capabilities of NPs can
be time-controlled, target-specific,
self-regulated, programmable, and
multifunctional.

Nanoparticle-based smart delivery
systems (NSDS): systems that
communicate with various organs,
tissues, cells, or chemicals as they move
through plant tissues. Nanoparticle—
biological (nano-bio) interactions relate
to the interaction between man-made
nanomaterials and a biological system.
Nanotubes (NTs): cylinder-shaped
objects with sizes ranging from 1 to
100 nm.

NOSH-A: also known as NBS-1120,
NOSH-A is a novel nitric oxide- and
hydrogen sulfide-releasing hybrid, which
was initially formulated as an anticancer
drug but also displays protective effects
against abiotic stress conditions in
plants.

Novel engineered nanocarriers
(NENCs): to effectively convey the
substance, loaded NENCs are delivered
to the target plant tissues. NENCs
provide the opportunity for surface
functionalization with targeting ligands.
Consequently, NENCs may be made to
release the materials they are laden with
in a regulated manner to maintain the
level of delivery to target areas for a
longer time.
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Facilitated quicker and stronger responses may be associated with changes in chromatin struc-
ture owing to DNA methylation and/or histone modifications [28,29]. As has been well reviewed
by Rapp and Wendel [30], the term 'epigenetics' refers to a class of heritable molecular changes
that do not involve alteration in the sequence of the DNA [31]. These epigenetic modifications
generally cause critical changes in chromatin structure. They can contribute to stress memory
and plant resistance to stressors by influencing the expression levels of relevant genes [29]. For
example, Laura et al. [28] demonstrated epigenetic control of defense genes during methyl
jasmonate (MeJA)-induced priming in rice (Oryza sativa). In this work the expression levels of
OsBBPI and OsPOX-like defense-related genes were upregulated by MeJA priming in response
to wounding. Histone modifications (H3K9ac and H3K4me3) and DNA methylation-like epige-
netic markers were also used to link gene upregulation to epigenetic regulation. The authors dem-
onstrated a correlation between chromatin modifications and the level of expression of the
OsBBPI gene. Following Meda priming, acetylation and trimethylation of lysine residues in the
N-terminus of histone H3 in the promoter region of the OsBBPI gene were observed in rice leaves
in response to wounding. In addition, critical changes in genome-wide DNA methylation were
modulated by Meda priming upon wounding. Similarly, Kim et al. [32] reported that exogenously
applied acetic acid promoted de novo jasmonic acid (JA) synthesis and histone H4 acetylation
which primes the JA signaling pathway toward increased tolerance to drought stress. The prim-
ing process initiates a phase of stress memory. This involves a modified transcriptional regulatory
event in which the priming stimulus induces lasting alterations in gene expression or a changed
transcriptional reaction to a subsequent stimulus — indicative of memory. The discovery of the
role of chromatin changes in stress priming can be traced back to a study investigating the impact
of a secondary exposure to bacterial pathogens in relation to systemic acquired resistance (SAR)
responses. This priming is linked to enduring alterations in histone modifications at various loci,
demonstrating priming-dependent transcriptional memory after a delay of several days [33]. Epi-
genetic processes, including DNA methylation and histone modifications, are currently under ex-
amination as crucial elements in promoting broad-spectrum resistance to both abiotic and biotic
stresses. These mechanisms are being investigated for their potential roles as carriers of stress
memory that are capable of activating immune responses [34].

Regarding transcriptional priming, Holness et al. [35] recently investigated H3K4me3 as a poten-
tial priming/memory epigenetic mark in arabidopsis (Arabidopsis thaliana) plants subjected to
high light stress followed by drought stress. In this report it was shown that there is a memory
that enables the plants to store and apply the acquired information at a later time in cases
where they have been subjected to priming. In comparison to the plants that were not primed
or subjected to drought stress, H3K4me3 enrichment was observed in plants subjected to
drought and high light stress, suggesting that this mark may be a target for stress memory in
plants [35].

Priming stands out as an effective strategy to fortify plant resistance against biotic stresses and
pathogens. During this process, plants implement defensive measures against potential threats,
and concurrently ready their defense systems for swifter and/or more robust responses in the fu-
ture. Notably, the effectiveness of priming goes beyond pathogens, and extends to resistance
against arthropods [36]. Chemical priming, specifically the induction of SAR, can be achieved
by the direct application of substances such as SA and 2,6-dichloroisonicotinic acid (NHP), or
by the use of artificial compounds such as the SA structural analog benzothiadiazole (BTH). For
instance, activation of SAR by priming compounds such as BTH is often associated with a primed
state that allows plants to 'recall’ prior infections or stress exposures. Treating arabidopsis with
BTH resulted in priming marked by the accumulation of mMRNAs and inactive proteins of
mitogen-activated protein kinase 3 (MPK3) and MPK®6 [26]. Primed plants through SAR equip
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themselves with pattern recognition receptors (PRRs) and pathogen-responsive MPKs, and
these are activated upon a second infection by elicitors such as the flagellin-derived peptide
flg22 through pathways dependent on NPR1. Chemical priming agents utilizing SAR were
found to boost the transcription of genes encoding PRRs and accumulate MPK3 and MPKG in
the form of corresponding mRNAs and inactive proteins that can be activated during subsequent
stress. Furthermore, epigenetic changes facilitate the rapid activation of stress response-related
TFs, enabling plants to enhance and expedite their response to pathogens [26,37].

Nanotechnology-assisted improvement of priming approaches

In addition to the use of natural metabolites and synthetic chemical compounds, recent advances
in the field of plant priming include the employment of nanotechnology and its tools as innovative
solutions. For example, nanoparticles (NPs) have been shown to play a significant role in the
protection of plants against adverse environmental conditions, and NPs have been shown to
scavenge ROS [38] and improve photosynthetic efficiency by attenuating osmotic and oxidative
stress [39-41]. This is largely linked with their nano-size (1-100 nm in at least one dimension),
thus giving them diverse physicochemical properties such as higher solubility, reactivity, and bio-
chemical activity depending on their high surface-to-volume ratio and high surface energy [42].
However, these properties also make them ideal candidates for acting as smart nanocarriers
(NCs) for chemical priming agents, thus achieving targeted delivery and optimal priming activity
while lowering their potential environmental impact [43]. This review summarizes current informa-
tion on advanced NC systems that could be functionalized with chemical agents for enhanced
priming efficiency, and concludes that further research will be necessary to address environmen-
tal impact and health and safety concerns (Box 1) to achieve optimal usage and exploitation of
this technology in crop stress management.

Smart phyto-nanotechnology

More unexpected dangers are posing a threat to agricultural systems all around the world. The
sophisticated agronomic use of nanotechnology in plants, known as phyto-nanotechnology, is
crucial for preserving food supply and sustainable agriculture, and even economic stability

Box 1. Environmental and/or health and safety concerns

The public perception and acceptance of nanotechnology in food and agriculture also pose a challenge. Concerns about
the unknown health effects of nanomaterials may influence consumer attitudes. Transparent communication and educa-
tion about the safety assessments and benefits of nanomaterial applications are essential to build trust. Nanomaterials, like
any other substances, must be handled safely and sustainably to contribute positively to society. They fall under the EU
regulatory frameworks of the Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) regulation,
the Classification, Labeling and Packaging (CLP) legislation, and the EU Observatory for Nanomaterials (EUON).
Manufacturers, importers, and downstream users are obliged under REACH to ensure that nanomaterials do not pose
risks to human health or the environment. In 2018, the European Commission made amendments to the REACH Annexes
that enhance registration requirements for nanomaterials. Starting in 2020, REACH registration dossiers are required to
provide more detailed information about nanomaterials to further ensure safety and compliance.

Assessment of the fate and transport of nanomaterials in the environment is important as they can enter soil, water, and air
through various routes. It is critical to assess the potential adverse effects of nanomaterials on non-target organisms such
as soil microorganisms, aquatic organisms, and beneficial insects. Understanding how nanomaterials can accumulate in
organisms and move through food chains is vital for evaluating their long-term impacts. Regarding health and safety
concerns, individuals involved in the production, handling, and application of nanomaterials should be aware of potential
occupational exposure risks and take appropriate safety measures.

Health risks can arise from inhalation of NPs or direct contact with the skin, especially if NPs can penetrate biological
barriers or cause toxic effects. Assessing the potential toxicity of nanomaterials to humans, including their effects on cells,
genes, and specific organs, is crucial for understanding their safety profiles. Comprehensive risk assessments and the
implementation of appropriate risk management strategies are essential to address these concemns. These strategies
may include the use of safe-by-design approaches in the synthesis of nanomaterials, the application of protective
measures during handling and use, and consideration of relevant regulations and guidelines related to nanomaterials.
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[44,45]. The use of phyto-nanotechnology (such as new materials, novel methods, or advanced
technologies) provides a wide range of potential applications and research areas, such as
agrochemicals, nutrients, plant genetic breeding, and biosensors, compared with the production
materials utilized in conventional agricultural methods.

Phyto-nanotechnology has the potential to change current agriculture practices by enabling the
targeted transport of nutrients (such as proteins or nucleotides) and the planned release of agro-
chemicals (such as pesticides or fertilizers) [46,47]. By maximizing nutrient uptake and increasing
the tolerance for environmental challenges, a revised consideration of the communications be-
tween crops and nanomaterials can increase agricultural productivity [48]. A high transformation
efficiency for delivering genes using phyto-nanotechnology can be attained in plant cells without
the use of external chemical and physical methods, demonstrating its remarkable applicability in
crop breeding, especially plant genetic engineering [49,50]. Notably, phyto-nanotechnology can
use nanomaterials with high tensile strength, high throughput, different charges, and small sizes
to make it more accurate and effective [51]. Agriculture, biotechnology, and even the food indus-
try have all employed phyto-nanotechnology to create biosensors or to act as 'sensing materials'
[52,53]. Diverse categories of nanomaterials such as antibody nanosensors, carbon-based elec-
trochemical nanosensors, nanowire nanosensors, plasmonic nanosensors, and fluorescence
resonance energy transfer (FRET)-based nanosensors have been reported as instruments for
measuring and detecting fungal pathogens, viruses, bacteria, plant metabolic flux, and residual
of pesticides in food [54]. The use of smart phyto-nanotechnology in agricultural systems has
supported traditional agricultural methods and practices by providing improved management
and resource-efficient advanced 'smart' cropping system.

NP-based smart delivery systems: applications and advantages

Nanoparticle-based smart delivery systems (NSDS) comprise a series of nanomaterials with
passive or active targeted transport, or physical and chemical targeted transport, which may
achieve targeted release by monitoring endogenous stimuli (e.g., redox and pH value variations)
or exogenous stimuli (e.g., electric pulses, light, magnetic fields, temperature variations), thereby
improving the entire plant life cycle including seed germination and seedling establishment [55].
Compared with all other priming techniques, NSDS are markedly more efficient. The most
important properties of NSDS in priming are to promote electron exchange and increase surface
response capabilities related to different components of tissues and cells in plants [56].

NCs are nano-sized carriers based on the concept of NSDS. NCs can promote smart delivery
and have favorable impacts on crops, including boosting mineral absorption, enhancing photo-
synthesis, inducing seed germination, improving crop yield and quality, and expediting crop
breeding [57]. The contribution of NCs to plant growth and development is principally influenced
by the size, composition, concentration, and physical and chemical properties of NCs [58]. The
use of NCs as biosensors, agrochemicals, and nutrients for the protection or production of
crops under regulated circumstances is presently a major topic in plant science (Figure 1).
Although novel nanotechnology methods addressing technical issues in plant genetic breeding
or genome-editing techniques in high demand, new developments in siRNA/mIRNA/DNA
delivery have only recently found applicability in plants.

NCs can be divided into two categories according to their material properties: organic NCs
(ONCs) and inorganic NCs (INCs) (Figure 1). For instance, Santana et al. [59] developed targeted
carbon-based nanomaterials, TP-[3-CDs, for transporting chemical cargoes, and TP-pATV1-
SWCNTSs for plasmid DNA delivery to chloroplasts, and employed innovative plant biorecognition
techniques. Evaluating the impact on cell viability, plants treated with TP-B-CDs (20 mg.I"") and
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Figure 1. Nanoparticle (NP)-based smart delivery systems: applications and advantages. Organic nanocarriers
(ONCs) have been extensively utilized in phyto-nanotechnology, including carbon-based ONCs [carbon nanotubes (CNTs),
carbon quantum dots (CQDs), and graphene] and polymeric ONCs (chitosan, liposome, and emulsion). Inorganic
nanocarriers (INCs) have been broadly applied in phyto-nanotechnology, such as mesoporous silica NCs (MSNCs),
magnetic NCs (MNCs), metallic NCs, and metallic oxide NCs. The applications and advantages of nanoparticle-based smart
delivery systems can be divided into three aspects: agrochemicals and nutrients (targeted transport, controlled release), plant
genetic breeding (DNA and enzyme delivery, genome editing), and biosensors (antibodies, electrochemical detection).

TP-pATV1-SWCNTSs (2 mg.I"") displayed no significant differences in the percentage of dead
cells compared with the control group. This research highlights the heightened efficiency in
delivering chemical and plasmid DNA cargoes into chloroplasts through the topical application
of carbon nanomaterials engineered with targeting peptides.

Organic nanocarriers

ONCs are created in the context of agricultural systems from carbohydrates, proteins, lipids, and
other organic molecules up to a specified size, for example, a radius of <100 nm [60]. Based on
the fundamental laws of materials science, physical chemistry, and polymer sciences, as well
as the physicochemical characteristics of the source materials, ONCs can be produced using
top-down and bottom-up methods, or a mixture of both. To explore their applications and
the structure—function correlations, ONCs are characterized by their biological properties,
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dimensions, internal structures, morphology, and surface properties. ONCs have been exten-
sively applied in phyto-nanotechnology, for example, carbon-based ONCs [nanotubes (NTs)
such as carbon nanotubes (CNTs), carbon quantum dots (CQDs), and graphene] and polymeric
ONCs (chitosan NCs, liposomes, and emulsions).

Carbon-based ONCs

Carbon allotropes known as CNTs feature cylinder-shaped nanostructures with diameters of
1-50 nm [61]. They are characterized as multiwalled nanotubes (MWNTS) or single-walled
nanotubes (SWNTs). CNTs are regarded as cutting-edge fertilizers that act as either growth
promoters or slow-release fertilizers [62]. CQDs are semiconductor nanocrystals with diame-
ters of 2-10 nm [63]. CQDs are able to enhance the effects of quantum yield or light coverage,
and can act as light converters for photosynthesis in plants [64]. A nano-graphene coating
made of carbon can lengthen the duration of KNOs release while minimizing loss from runoff
and leaching [65].

Polymeric ONCs

By altering their physical or chemical properties, ONCs such as chitosan NCs help NCs to more
easily enter the epidermal cells of plant leaves, enhance their stability, and reduce their tendency
to aggregate [66]. The effects of chitosan NCs and their modified forms on defense-associated
systems in crops under abiotic stress have recently been revealed in pertinent research [67].
siRNA transport systems with chitosan NCs incorporated have provided a new approach to
crop improvement by allowing the target pest to dominate in a specific way because chitosan
has the capacity to permeate cell membranes and interact with RNA [68]. Nano-liposomes
help nutrient absorption and transport in a variety of plants because NCs enable the assimilation
and transportation of nutrients [69]. Owing to their tiny size and increased surface contact
area, nano-liposomes have been approved for the targeted delivery of vitamins, minerals, nu-
traceuticals, and antibacterial agents [70]. Nonspecific receptors encourage the introduction
of negatively charged nano-liposomes into plant cells, which is then followed by adhesion,
particle recognition, and eventually endocytosis [71]. A surfactant (such as proteins, lipids,
or modified starches) with an average droplet size of 20-200 nm stabilizes a combination of
several immiscible liquids to form nano-emulsions [72]. Because of their unique properties,
nano-emulsions are ideal intermediates for the transport of nutraceuticals, hydrophobic
medicines, and bioactive compounds, and can also encapsulate hydrophobic antioxidant
components [73].

Inorganic nanocarriers

INCs such as mesoporous silica NCs (MSNCs), magnetic NCs (MNCs), metallic NCs, and
metallic oxide NCs have been broadly applied in phyto-nanotechnology. MSNCs have porous
structures resembling honeycombs, and have an adjustable pore size or outside particle diameter
in the nm range [74]. They have a large number of unfilled channels that can enclose and absorb
various agricultural chemicals and bioactive compounds. MSNCs have been used to transport
plasmids carrying the GFP gene into plant cells for gene expression. Biochemical analysis and
genome modifications in plants can take advantage of proteins and enzymes loaded into
MSNCs [75]. By incorporating the transgene into the genome, this method prevents the transmis-
sion of the corrected traits to the next generation.

Diverse magnetic materials such as iron (Fe), cobalt (Co), and nickel (Ni), as well as the derived
chemical compounds, can be included in MNCs. They can be classified as carbon-coated
MNCs [76], magnetic virus-like NCs (VNCs) [77], and other magnetic NCs. For targeted delivery,
they can be controlled by magnetic field gradients.
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Metallic NCs such as Au and Ag NCs, and metallic oxide NCs such as titanium dioxide (TiO,),
copper oxide (CuO), and zinc oxide (ZnO) NCs, have been widely used as delivery carriers in
plant systems because of their superior catalytic, electrical, and light-absorbing properties
and high efficiency in the delivery of biomolecules to plants [78,79]. Many metallic oxides and
metallic NCs have been utilized in various crop management practices including crop protec-
tion and fertilization [48]. Metallic oxides and metallic NCs can improve plant development
and growth from the initial stage of germination through to senescence and death in many
plant species [45].

Novel engineered nanocarriers

Promising novel engineered nanocarriers (NENCs) for chemical priming agents have been
the subject of significant research and development, as illustrated in Figure 1. These carriers
can be broadly categorized into two main types: organic and inorganic carriers. Within this diverse
landscape, various reports have highlighted their versatile applications in delivering a range of
essential elements to plants [80]. These elements include nutrients, phytohormones, plant
osmolytes, polyamines, and amino acids, all of which play crucial roles in enhancing plant growth
and stress tolerance and the quality of agricultural crops.

Among the array of NCs, chitosan stands out as one of the most effective and sustainable
options. Chitosan is a biobased, biologically safe, and biodegradable polymer that holds
immense potential for delivering various compounds such as SA [81], melatonin [82], putres-
cine [83], selenium [84], and gibberellic acid [85]. Moreover, chitosan-coated fertilizers can
be considered to be an efficient means of delivering micronutrients to plants, particularly
elements such as Fe [86]. This approach has proved to be effective in enhancing nutrient up-
take by plants. Furthermore, chitosan holds significant promise as a carrier for postharvest
treatments aimed at enhancing the quality and extending the shelf life of various agricultural
crops. This versatile compound has demonstrated its effectiveness in delivering substances
such as polyamines and amino acids, benefiting fruits like grapes [87], plums [88,89], straw-
berries [90], and persimmons [91].

Among carbon-based NCs, graphene oxide (GO) emerges as a promising candidate for deliver-
ing specific compounds to crops such as grapevine [92] and sweet basil [93] under salinity stress
conditions. Furthermore, CQDs, characterized by their small size (<10 nm), have shown potential
to transport biomolecules into grapevine leaves following foliar application under salinity stress.
Notably, functionalized CQDs have been found to bolster enzymatic and nonenzymatic antioxi-
dant systems, thus aiding plants in combating abiotic stresses such as salinity [41,94] and
heavy metal stress [95]. In addition, the autofluorescent nature of CQDs enables real-time mon-
itoring of carrier translocation within plants, facilitating precise tracking [96].

Recently, clay-based carriers have also gained attention as promising vehicles for delivering var-
ious beneficial compounds to plants. For instance, Masoudniaragh et al. [97] reported that the
application of functionalized halloysite clay with proline not only improved agronomic parameters
but also significantly increased the production of essential oil compounds such as germacrene D
and methyl chavicol in sweet basil under salinity stress. This underscores the potential of clay-
based carriers to enhance crop quality and yield through controlled compound delivery. The
field of NCs for chemical priming agents is in constant evolution, and they present unique advan-
tages through organic, inorganic, and carbon-based carriers. These have the potential to revolu-
tionize agriculture by improving nutrient delivery, stress tolerance, and overall crop health. Future
research will likely unveil even more innovative applications, further contributing to sustainable
and efficient agricultural practices.
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Controlled release mechanisms of NENCs

In agriculture there is growing interest in the use of nanotechnology to deliver biologically active
ingredients via NCs because of its potential to address the challenges posed by adverse environ-
mental conditions and the increasing demand for biologically active ingredients in food [42].
Previous reports have shown that excess application of traditional agrochemical application
methods has reduced bioavailability and consequently has had a negative impact on the environ-
ment. These findings highlight the need for controlled delivery systems to improve efficacy [98].
Controlled release mechanisms using NCs have therefore been explored as part of crop improve-
ment for the delivery of pesticides/biopesticides and slow-release fertilizers/biofertilizers, as well
as for micronutrient encapsulation, stabilization of plant growth regulators, and targeted delivery
of genetic material [99]. In addition, the use of nanomaterials to encapsulate agrochemicals allows
improved storage and controlled release directly at the site of application, thus improving efficacy
and reducing environmental impact. Several nano-delivery systems have been developed for
agricultural applications, including emulsions, hydrogels, vesicular carriers (liposomes, noisomes,
and transferosomes), and polymeric carriers (chitosan, chitin, polyhydroxybutyrate, cellulose, and
starch), which offer advantages such as high surface area, increased activity, and rapid mass
transfer [100].

From a chemical point of view, several different strategies can be used to achieve controlled re-
lease (Figure 2). Nanomaterials can be produced in several ways, including coating them with
thin polymer films, encapsulating them in nanoporous materials, or creating nanoemulsions
[101]. By using these approaches, the encapsulated compounds can be protected from loss
through evaporation and leaching, thus ensuring gradual release of the encapsulated com-
pounds. NCs are selected based on several factors, including the physicochemical properties
of the chemical to be delivered, the desired release kinetics, and the biology of the target plant
[102]. Carriers can be designed to provide controlled release profiles and protect compounds
from degradation. They can also improve solubility and enhance cellular uptake [103]. To achieve
controlled and slow release of compounds, NCs use various mechanisms. NCs can release com-
pounds by diffusion, where the payload molecules move from regions of high concentration
within the carrier to regions of lower concentration in the surrounding environment. By modifying
the composition of the carrier, its surface properties, and the size of the carrier itself, the release
rate can be controlled. In addition, these small vehicles can be designed to degrade over time and
release the encapsulated compounds. Environmental factors such as temperature and pH, and
the presence of enzymes such as proteases, phospholipases, and oxidoreductases, can trigger
degradation [104]. The release of compounds can be tailored to specific requirements by control-
ling the degradation rate. NCs can be designed to respond to external stimuli such as light, tem-
perature, pH, or magnetic fields. These stimuli can lead to the release of the encapsulated
compounds by inducing changes in the structure or properties of the carrier [105]. External mag-
netic fields can also be used to guide and localize magnetic NCs. The release of compounds can
be targeted to specific areas by directing the carriers to the desired location. This improves their
efficiency and reduces the amount of compound required [105].

By providing a new delivery system for phytohormones, chemical priming agents, nutrients, and
pesticides, nanomaterials can improve the efficiency of nutrient use. Various nanomaterials have
the potential to effectively deliver plant growth-promoting compounds via roots, leaves, and seed
coats, and these include carbon-based nanomaterials, mineral NPs, metal materials, and metal
oxide materials. This delivery system can enhance uptake and translocation within the plant.
This improves yields and reduces environmental impact [83,106]. In addition, nanomaterials
have the potential to improve soil health and manipulate rhizosphere interactions, including
root—soil-microbiome interactions, which can improve crop yields [106]. Smart delivery of
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Figure 2. Schematic pathway of utilizing novel engineered nanocarriers (NENCs) for delivery of chemical
priming agents in plants. (A) Various chemical priming agents (CPAs) have been explored for enhancing plant stress
tolerance. Notable agents include sodium nitroprusside, hydrogen peroxide, sodium hydrosulfide, melatonin, and
polyamines. In addition, a novel aspirin (acetylsalicylic acid) variant, NOSH-A, has shown promise by releasing nitric oxide
(NO), hydrogen sulfide (H.g), and aspirin simultaneously, offering potential benefits in stress mitigation. (B) Nanocarriers (NCs)
used in plant applications encompass a diverse range of materials, including liposomes, nanocrystals, nanotubes, graphene
oxide, nanopolymers, nanosheets, and more. (C) These nanoparticles (NPs) undergo surface modifications to introduce
specific functional groups or molecules, thereby enhancing their properties. When coupled with priming agents, these
functionalized NCs give rise to novel engineered NPs. (D) Several modes of application of functionalized nanomaterials in
plants can take place, such as through seed coating, foliar application, trunk injection, and soil fertigation. (E) Seed coating
with NPs has emerged as a promising technique in seed priming technology. This innovative approach holds great potential
for enhancing seed germination, promoting robust seedling growth, and ultimately improving overall plant performance,
making it an increasingly important tool in modern agriculture. (F) Some NPs can also penetrate leaf tissues, facilitated by the
relatively large size of stomatal openings. NPs <5 nm in size can directly penetrate the leaf cuticle. (G) One key process is the
apoplastic transport of NPs through the endodermis, facilitating their movement towards the aerial parts of the plant. Within
the plant vascular system, notably the xylem, NPs find a significant conduit for distrioution and translocation. (H) NPs smaller
than the pore size of root epidermal cell walls, typically in the range of 5-20 nm, can traverse these pores and enter the root
tissues, illustrating the significance of the apoplastic pathway in root uptake. Figure created with BioRender.

nanomaterials in low doses to crops can alter their responses to biotic and abiotic stresses,
thereby improving their resilience to drought, extreme heat, heavy metals, and salinity [42]. It
remains a challenge to efficiently and effectively deliver nanomaterials to plant roots. Targeted
approaches such as foliar application and seed coatings are promising, although soil application
of nanomaterials is not energy-efficient [107]. Foliar applications face challenges such as degra-
dation, low uptake, and weathering, although they can be applied using existing infrastructure.
The development of nanomaterials with improved leaf adhesion and uptake will be necessary
to overcome these challenges.

NENC uptake, translocation, and biological impact in plants

Although the mechanisms by which NENCs are taken up and transported in plants remain poorly
understood, it is generally agreed that these processes depend on various factors such as the
type of NP, its physicochemical properties, the plant species, and the plant substrate (soil,
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hydroponics, or culture medium). In general, active transport mechanisms including signaling,
recycling, and plasma membrane regulation are involved in the uptake of NENCs by plants
[108,109]. Although endocytic pathways are well characterized for the uptake of NPs in animals,
plant cells also follow endocytic pathways to take up engineered NPs [108]. Only selected particles
can pass through the pores of the plant cell wall, which acts as a semipermeable barrier [109,110].

By forming complexes with membrane transporter proteins or root exudates, plants translocate
NPs [111,112]. The interaction between NPs and plants is influenced by NP properties including
size, porosity, hydrophobicity, and surface characteristics [43]. There are several ways in which
plants can absorb NPs. First, small NPs (<10 nm) can be taken up by roots through pores in
the root epidermal cell walls, known as the apoplastic pathway, but larger particles are prevented
from entering [111]. The diffusion of small NPs through the apoplast and into the endodermis can
be driven by osmotic pressure and capillary forces [109]. Another way in which NPs can be taken
up by plants is by crossing the inner side of the plasma membrane via the symplastic pathway
[109]. NPs can cross the porous matrix of the cell wall by binding to protein carriers, passing
through aquaporins and ion channels, or by penetrating the membrane and creating new chan-
nels [108,109]. NPs can also migrate to neighboring cells through plasmodesmata, which are
channels 20-50 nm in diameter [111,112]. Stomatal pores are another route for NPs to enter
plants [109]. In addition to entering the leaves, NPs can also be transported to the plant roots
[113]. Recent advances have improved our understanding of the uptake, translocation, and ag-
glomeration kinetics of NPs, including their dependence on shape, size, and composition
[109,111]. Plants take up NPs through their cell walls and the cell membrane of the root epider-
mis, and then undergo a series of complex events that enable them to be translocated from the
roots to the leaves via the vascular bundle (xylem). The uptake of nanomaterials is size-specific
because NPs need to pass through pores on the cell membrane to cross intact cell membranes.
Before they reach the xylem, the NPs must be passively integrated through the apoplast of the
endodermis. The xylem plays a crucial role in the distribution and translocation of NPs. The cell
wall is made up of a porous network of polysaccharide fibers which allows the cells to take up
water molecules and other dissolved substances [108,109].

Foliar application dynamics

Entry of NPs through stomatal pores on the leaf surface is the main mechanism of NP uptake in
plants following foliar application (Figure 2). Some NPs can penetrate the leaf tissue because of
the relatively large size of the stomatal openings. Several studies have shown that NPs taken
up by leaves are translocated to other parts of the plant [114,115]. Translocation of TiO, NPs
to the roots via foliar uptake was observed in soybean plants by Hong et al. [115]. Furthermore,
Gohariet al. [39] reported that TiO, NPs could penetrate from leaves and translocate in the xylem
in sweet basil (Ocimum basilicum L.). Several factors such as NP size, surface properties, and leaf
characteristics influence the foliar uptake of NPs. The size of the NPs is critical as smaller particles
are more likely to enter the stomata. Hydrophilic NPs were shown to be able to pass through sto-
matal pores when their size was ~40 nm [116]. The cuticle acts as the main natural barrier against
NPs entering plant tissues, and protects leaves from water loss and uncontrolled solute
exchange. There are two pathways for solute uptake: diffusion and permeation for non-polar sol-
utes via the lipophilic pathway, and passage of polar solutes through polar aqueous pores via the
hydrophilic pathway. NPs <4.8 nm can penetrate directly into the cuticle, and larger NPs (>5 nm)
can accumulate in leaves through an unclear mechanism [108]. In addition to size, the surface
properties of the NPs and the characteristics of the leaf surface also play an important role in foliar
uptake. Surface modifications or coatings on NPs can affect their interaction with the leaf surface
and subsequent uptake. Moreover, as widely known, the inclusion of surfactants such as Tween
during the spraying of nanomaterials can enhance the efficacy of foliar uptake. This improvement
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is realized by increasing cuticular and subcuticular penetration, thereby facilitating the transport
of nanomaterials following foliar spraying. It is worth highlighting that the incorporation of
Tween 20 or Tween 80 can be beneficial for the foliar delivery of NCs [39-41]. The concentration
of NPs is a critical factor to consider in their relocation and aggregation when applied by foliar
spraying. This factor is evident in the application of multiwall carbon nanotubes (MWCNTS) to
sweet basil plants, where a dose-dependent relationship was observed. Lower doses of
MWCNTSs (25 and 50 mg.I"") exhibited positive effects by alleviating salt stress-induced damage.
These effects included enhancements of antioxidant enzymatic activities, phenolic compounds,
physiological parameters such as chlorophyll and carotenoid content, nonenzymatic (i.e., phenolic
content) and enzymatic antioxidant components [i.e., ascorbate peroxidase (APX), catalase (CAT),
and guaiacol peroxidase (GP) activities], and essential oil content and composition. However,
higher concentrations (100 mg.I™") of MWCNTs-COOH resulted in aggregation within plant tissues,
leading to toxicity symptoms [117]. Furthermore, increasing the concentration of TiO, and ZnO
NPs from 20 mg.I"" to 40 mg.I™" resulted in a significant reduction in germination of both onion
and fennel seeds [45]. Therefore, the concentration of NPs plays a crucial role in determining
their effectiveness and potential adverse effects on plants following foliar application.

Soil application dynamics

The uptake mechanism of NPs in plants by soil application involves the interaction of NPs with the
roots and their subsequent uptake into vascular system of the plants (Figure 2). NPs come into
contact with the root surface when they are applied to the soil. The uptake mechanisms and be-
haviors of NPs in plant roots have been investigated in several studies [118]. Among the mecha-
nisms, the apoplastic pathway is one of the major routes of NP uptake. NPs smaller than the pore
size of root epidermal cell walls (typically ~5-20 nm) can enter the roots through these pores
[112]. However, particles larger than the pore size are typically blocked and cannot enter. Once
NPs enter the root, they may undergo several processes to reach the plant vascular system.
These include diffusion through the apoplast, where NPs move through the spaces between
cells, and eventually reach the endodermis [119]. NPs must passively integrate into the apoplast
to cross the endodermis and enter the stele [119]. Animportant step in the translocation of NPs to
the aerial parts of the plant is the apoplastic transport of NPs through the endodermis. The
vascular system of plants, particularly the xylem, plays a significant role in the distribution and
translocation of NPs within the plant. Xylem vessels serve as the main pathway for the uptake
of water and solutes, including NPs, from roots to shoots [120]. Wang et al. [121] demonstrated
the uptake, translocation, and distribution of CuO NPs in maize plants through the xylem. The up-
take of NPs by plant roots is influenced by several factors, including NP properties, root structure,
and environmental conditions. The interaction with the root surface and subsequent uptake can
be modulated by NP properties such as size, shape, and surface characteristics [38]. NP uptake
can also be influenced by root characteristics such as root exudates, surface charge, and root
hair density [110].

Seed priming dynamics

The mechanism of uptake of NPs into plants by seed coatings involves the application of NPs to
the surface of seeds, which allows their penetration into the seed and subsequent transport to
various plant tissues during germination and seedling development. Seed coating with NPs has
gained interest in recent years, particularly in seed priming technology, because of its potential
benefits in improving seed germination, seedling growth, and overall plant performance [55].
NPs can adhere to the seed surface or penetrate the seed tissue when applied as a seed coating.
The mechanism of NP penetration into seeds is still not fully understood and may vary depending
on the specific NP and seed characteristics. However, insights into the possible pathways and
mechanisms involved have been provided by several studies. The seed coat, which consists of
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several layers that form a physical barrier, is one possible mechanism for NP penetration. NPs can
interact with the seed coat and penetrate through microcracks, pores, or gaps on the surface of
the seed coat [122,123]. These apertures may be the result of natural imperfections in the seed
coat, mechanical damage, or chemical treatments applied during the processing of the seed.
In the study by Yu et al. [123], machine learning was employed to assess NP uptake during
seed priming. The findings revealed that the concentration of NPs and ionic strength played a cru-
cial role in influencing shoot fresh weight, primarily by regulating NP uptake. Notably, the uptake
of NPs experienced a significant deceleration when the NP concentration surpassed 50 mg.I™".
Although factors including zeta potential and hydrodynamic diameter did not demonstrate notice-
able effects on NP uptake, their biological impacts should not be disregarded. Natural openings
such as stomata or lenticels in some seed coats are another mechanism for NP uptake in seeds.
Stomata are tiny pores that are mainly found on the surface of leaves, but they can also be found
on the seed coats of some species of plants. Through these openings, which provide direct ac-
cess to the inside of the seed, NPs can enter the seed [124]. Seed priming involves the pre-
soaking or pre-germination treatment of seeds in various solutions (e.g., 'NP suspensions') and
is a very promising approach for improving seed performance. During the seed-priming process,
NPs can penetrate into the tissues of the seed through the process of imbibition in which water
and solutes are absorbed by the seed [2]. The NPs contained in the priming solution can be ab-
sorbed by water, allowing them to enter the seed [125]. Once inside the seed, NPs can interact
with the seed components such as proteins, lipids, and cell membranes, and affect seed metab-
olism and germination processes.

Bioimaging and detection of NENCs in plant tissues

To understand the uptake, distribution, and potential effects of NENCs, bioimaging and detection
of NENCs in plant tissues is crucial. Electron microscopy techniques, including scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), have been instrumental in visu-
alizing the internalization and localization of NENCs in plant tissues at high resolution. The SEM
provides a detailed view of surface morphology, whereas the TEM enables the study of subcellu-
lar structures. Recent studies have used these techniques to investigate the interactions between
NENCs and plant tissues, including uptake pathways and cellular localization [126,127]. For ex-
ample, SEM and TEM were employed to visualize the accumulation of silver NPs in various plant
tissues, revealing their internalization and localization within root cells [128]. Furthermore, electron
microscopy techniques have aided in determining the size, shape, and aggregation state of
NENCs within plant tissues, providing valuable insights into their behavior and potential impacts
[128]. For example, a study by Proenca et al. [129] investigated the uptake and distribution of TiO»
NPs in lettuce leaves using SEM and TEM. The results showed that the TiO» NPs were mainly
aggregated on the leaf surface in the form of larger agglomerates. TEM analysis revealed the
presence of internalized NPs within the cells of the leaf, suggesting the possibility of their
translocation through the tissues of the plant. To visualize and track NENCs in plant tissues,
fluorescence microscopy has emerged as a valuable tool. Fluorescent labels attached to the
NENC:s allow real-time monitoring and localization. This technique enables the visualization of
NENCs within plant cells and tissues, thus providing insights into their distribution patterns and
cellular interactions. Recent advances in fluorescence microscopy, such as the use of quantum
dots and other fluorophores, have improved the sensitivity and specificity of NENC detection in
plants [128]. For example, fluorescence microscopy coupled with confocal imaging was used
to study the intracellular fate of silica-based NCs in arabidopsis, and enabled the visualization
of their uptake and distribution within different plant cell compartments [130].

Compared with conventional fluorescence microscopy, confocal laser scanning microscopy of-
fers improved resolution and depth penetration. It enables 3D imaging of NENCs in plant tissues,
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making it easier to analyze how NENCs distribute at different depths in the tissue. The internal-
ization and subcellular trafficking of NENCs in different plant species was visualized using
confocal microscopy [114,129]. For example, a study by Sun et al. [130] used confocal laser scan-
ning microscopy to investigate the uptake and intracellular localization of gold NPs in arabidopsis
root cells. This revealed endocytic internalization of NPs and their accumulation within endosomal
compartments, shedding light on the interactions between cells and the possible mechanisms of
uptake. Super-resolution microscopy techniques, such as stimulated emission depletion (STED)
microscopy and structured illumination microscopy (SIM), have revolutionized bioimaging by
breaking the diffraction barrier. Detailed insights into the subcellular localization and interactions
of NENCs are provided by these techniques. Super-resolution microscopy has been used to
study the localization and movement of quantum dot-labeled NCs within plant cells, allowing visu-
alization at the nm scale [129]. Wang et al. [131] used STED microscopy to visualize the uptake
and intracellular trafficking of polymer-coated magnetic NPs in maize root cells. The results dem-
onstrated the ability of STED microscopy to resolve the subcellular distribution of NENCs and their
interactions with specific organelles.

Concluding remarks and future perspectives

In the past decade, nanotechnology has made great strides in the design, production, and use of
NCs in agriculture. NCs for crops cannot be broadly applied in agricultural operations or activities
because of high costs or other issues. By promoting interdisciplinary approaches to the design
and synthesis of intelligent NCs, the challenges of phyto-nanotechnology can be overcome. To
achieve this, a combined collaborative project combining the complementary professional
strengths of geneticists, engineers, botanists, biochemists, and chemists may open up a new
frontier in phyto-nanotechnology. Current applications suggest that further research is required
in this area of plant development or growth to improve the sustainability of agricultural systems.
Identifying the underlying mechanism of the influence of NCs on plants may further benefit from
future studies utilizing open-field experiments.

Plant cell walls have a porosity of only 15 nm [132], indicating the need to manage the size of
NCs for effective translocation. In addition, the effectiveness of NCs in entering the chloroplast
membrane is strongly correlated with their zeta potential values [133]. Together with the infor-
mation in the previous section, it is important to characterize or describe the cultivation
method, concentration, size, and zeta potential of the NCs in a study so that the researchers
can more easily follow the research and understand how the NCs improve plant growth and
development.

Despite all the positive outcomes, design safety considerations must be taken into consideration
to help the community to deal with the potential negative consequences of new NCs on the en-
vironment (e.g., NCs in a daily necessity product) [134]. These NCs must be properly formulated
for usage in the agricultural system, taking the treatment techniques (foliar and soil) into account,
to have a significant impact and guarantee superior crop quality. While using these NCs in plant
systems, additional precautions must be taken because their excessive usage may harm the en-
vironment. However, it cannot be denied that the favorable effects of NCs have made significant
contributions to many areas of agricultural systems from germination to postharvest (see
Outstanding questions).
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Outstanding questions

Is nano-priming more effective than tra-
ditional chemical priming in promoting
plant growth and development under
control and stress conditions? If so,
what are the underlying mechanisms?

Which molecular pathways regulate
the enhancement of plant growth,
development, and stress tolerance by
nano-priming? Which genes play a
vital role in these regulatory processes?

What are the most effective NCs, and
how can we improve the innovative
methods for the controlled release of
biomolecules in crop plants?

How can nano-priming with NPs affect
the next generation of plants?

In terms of transgenerational changes
in plants, are there any differences in
seed priming or seedling priming
approaches?

Once plants have been primed with
NPs, what epigenetic mechanisms are
involved? Is there a common epigenetic
response to different stressors?

How will nano-primed plants respond
when they are exposed to recurring
stressors? Will there be any significant
differences in comparison to nonprimed
plants?
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ARTICLE INFO ABSTRACT

Keywords: The application of priming agents is a promising strategy to enhance the nutritional content of fruits and overall
Fragaria x ananassa fruit quality. The current study aimed to assess the effect of the pre-harvest application of various priming agents
Phytoc?em?cals [melatonin (Mel), sodium alginate (NaA), sodium alginate/melatonin conjugate (Mel-NaA), and putrescine
:flctizbcl;aici;d dihydrochloride (Put)] on fruit quality attributes and secondary metabolite profile of a strawberry cultivar
Priming agents (Fragaria x ananassa Duchesne cv. ‘Felicity Q3’). The priming agents were directly applied on fruit at three
Carrier successive developmental stages, namely large green (LG), small white (SW) and large white (LW). The use of
Allergenic proteins Mel-NaA and Put showed promising results in improving fruit quality indicators (i.e. firmness, color), while Mel-
Aroma NaA and putrescine-treated fruit were characterized by increased total flavonoid content. HPLC-DAD-ESI-MS/MS

data showed variable regulation of flavan-3-ols, hydroxycinnamic acids, and conjugates contents by the different
treatments, while ellagitannins and ellagic acid derivatives were significantly enhanced following Mel-NaA pre-
treatment. Priming treatments did not result in the differential regulation of volatile organic compounds (VOCs)
in comparison with controls, suggesting that primed fruit retain their aroma quality with no aroma profile
‘penalty’. In addition, molecular analysis revealed that fruit pre-treatment with the priming agents resulted in
variable transcriptional regulation of known strawberry allergenic proteins, with the Mel-NaA treatment showing
no significant effect. This ‘green’ approach holds promise for advancing our understanding of the effects of NaA
as a smart delivery mechanism of chemical priming agents and its potential impact on the sustainable
improvement of the physicochemical attributes of strawberries during the pre-harvest stage.

1. Introduction

Strawberry (Fragaria x ananassa) is one of the most important fleshy
fruit commercially, mainly due to its desirable aroma, juicy texture,
bright red color, and sweetness [37]. It is a significant source of vitamins
and health-promoting bioactive compounds with high antioxidant ca-
pacity (reviewed in [37,44]) and has shown considerable increase in
production over the recent years, with China and the United States being
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the leading producers (UN Food and Agriculture Organization, Corpo-
rate Statistical Database, [65]).

Agrochemicals are usually incorporated into the cultivation practices
to increase crop production, enhance fruit quality or extend shelf-life of
strawberry fruits. However, concerns regarding the environmental
impact and human health of such chemicals has shifted the interest into
the discovery of sustainable alternatives [11]. Interestingly, the exoge-
nous application of chemical priming agents, both at the pre- and

Received 25 February 2025; Received in revised form 3 July 2025; Accepted 4 July 2025

Available online 8 July 2025

2214-6628/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-5073-979X
https://orcid.org/0000-0002-5073-979X
https://orcid.org/0000-0002-5813-092X
https://orcid.org/0000-0002-5813-092X
https://orcid.org/0000-0002-5385-4929
https://orcid.org/0000-0002-5385-4929
https://orcid.org/0000-0002-9787-0234
https://orcid.org/0000-0002-9787-0234
https://orcid.org/0000-0002-9149-5568
https://orcid.org/0000-0002-9149-5568
https://orcid.org/0000-0002-1625-5978
https://orcid.org/0000-0002-1625-5978
https://orcid.org/0000-0001-9021-2848
https://orcid.org/0000-0001-9021-2848
https://orcid.org/0000-0002-3567-7586
https://orcid.org/0000-0002-3567-7586
https://orcid.org/0000-0002-3840-5746
https://orcid.org/0000-0002-3840-5746
https://orcid.org/0000-0002-0790-1739
https://orcid.org/0000-0002-0790-1739
https://orcid.org/0000-0002-5849-6104
https://orcid.org/0000-0002-5849-6104
https://orcid.org/0000-0003-1205-2070
https://orcid.org/0000-0003-1205-2070
mailto:vassilis.fotopoulos@cut.ac.cy
www.sciencedirect.com/science/journal/22146628
https://www.elsevier.com/locate/cpb
https://doi.org/10.1016/j.cpb.2025.100515
https://doi.org/10.1016/j.cpb.2025.100515
http://creativecommons.org/licenses/by/4.0/

E.C. Georgiadou et al.

post-harvest level, is being considered as a highly-promising techno-
logical approach towards alleviation of plant stress conditions and
enhanced yield efficiency [19,57]. Priming agents are natural metabo-
lites, synthetic compounds and/or nanomaterials that are generally
known to enhance cell tolerance and amelioration of stress-induced
plant growth inhibition [57] that can subsequently lead to higher
yield and improved fruit quality attributes [3]. Notably, the use of
nanocarriers (including biopolymers and nanoparticles) as smart de-
livery vehicles for chemical agents towards improved growth and stress
protection in plants is nowadays being extensively explored (reviewed
in [19]).

Precisely, nutritional and organoleptic quality of fruits could be
improved by exogenous application of hormones, which play a vital role
in physiological, biochemical and molecular control of ripening [50].
Melatonin (N-acetyl-5-methoxytryptamine, Mel), is a well-conserved
hormone that acts as a growth regulator, being present both in ani-
mals and plants [4]. Mel is a small indolamine with amphiphilic struc-
ture that has a high antioxidant capacity. Application of agents like
melatonin have been proven to significantly improve plant responses
against abiotic stresses. A key trait of melatonin that makes it an ideal
molecule for priming is its ability to easily diffuse through the cell
membrane and into the cytoplasm, thus leading to fast activation when
plant cells are exposed to stressful conditions [75]. For instance, the
application of higher concentrations of Mel to strawberries through in-
jection at the green stage accelerated ripening, which was accompanied
by a higher activity of PAL enzyme, increased accumulation of total
phenolics and anthocyanins, as well as increased scavenging capacity
[39]. Okatan et al., [48] found that the pre-harvest foliar application of
Mel on different strawberry cultivars positively affected fruit yield,
quality (fructose and titratable acidity), and antioxidants (phenolics and
ascorbic acid). However, the mechanistic effect of Mel at pre-harvest
level in strawberry fruit has been scarcely examined.

As fruits ripen, the presence of reactive oxygen species (ROS) leads to
oxidative stress and cell membrane disruption, contributing to fruit
ripening [27]. Polyamines (PAs) are essential components of the anti-
oxidative system and play a crucial role in safeguarding membranes
from oxidative injury caused by ROS [29,58]. Furthermore, PAs are key
elements in numerous biological processes and stress responses in
plants, including plant growth, morphogenesis, and fruit development
[16], while they are also widely applied to prolong the shelf-life of
perishable horticultural crops [49]. Exogenous application of putrescine
(Put) on strawberry either alone [30] or in combination with chitosan
[6], has been reported to maintain strawberry quality attributes leading
to extended shelf-life. However, such studies do not provide supporting
evidence regarding the mechanistic action of polyamines on fruit
physiology.

Natural polysaccharides and oligosaccharides have also been re-
ported to prolong the shelf-life and to enhance fruit quality attributes.
Such polysaccharides could be used as moisture and gas semi-permeable
edible barriers, thus affecting the fruit internal atmosphere [8]. Alginate
is a natural polysaccharide derived from brown marine algae (Phaeo-
phyceae), with strong affinity for water and is a biopolymer that has a
coating function [1]. NaA is the most common salt of alginate [74] and is
prepared by the neutralization of purified alginic acid with appropriate
pH control agents (FDA, TITLE 21). Recent studies have presented
compelling evidence supporting the use of NaA for preserving fruit
firmness and prolonging the shelf life of strawberries [2,7], without
however any study on the effect of alginate salts when applied at
pre-harvest level.

While there is currently limited research on the pre-harvest appli-
cation of NaA on strawberries, given the valuable carrier properties
attributed to alginate, it becomes imperative to explore its potential as a
biodegradable biopolymer for smart and sustainable delivery of priming
agents, such as Mel, to enhance the quality of strawberry fruits. We
hypothesized that the exogenous pre-harvest application of priming
agents (Mel, NaA, their conjugated form Mel-NaA, and Put) on
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strawberry fruit undergoing ripening on-bush under non-stressful con-
ditions results in improved physicochemical properties and fruit quality
attributes. To this end, our study aimed to assess the effect of the
exogenous pre-harvest application of the aforementioned priming
treatments on the fruit quality attributes, polyphenolic profile, and gene
expression levels of an early-harvested strawberry cultivar.

2. Material and methods
2.1. Plant material and treatment application

Strawberry plants (Fragaria x ananassa Duchesne cv. ‘Felicity Q3’, a
cultivar that is amenable to early production in the Mediterranean basin
during winter period), were planted in clay soil. To avoid water, raised
beds of 1 m width and 0.6 m space between the beds (total 1.6 m) were
used in an experimental farmer’s field in Ayios Ioannis Malountas
village (35°04°48"N 33°10°40"E, at 313.45m altitude) at Nicosia dis-
trict, Cyprus. The raised beds were mulched with silver plastic, with 12
plants planted per linear meter, spaced in three rows per raised bed,
whereas each plant was spaced 0.30 m from each other. Plants were
covered with low plastic tunnels (0.9 m) with aeration holes and fertil-
ized with 50 kg/ha of 16-8-24-6Ca+TE (ULTRASOL SQM) using double
drip irrigation on each raised bed (1.6L/h spaced every 0.22m).
Experiment was set up as a completely randomized design with five
treatments (described below). Prior to treatment application, 100 fruits
per treatment were labelled at the large green (LG) stage (Fig. 1); fruit of
similar developmental stage were selected in order to be synchronized
during ripening. Experimental applications were targeted exclusively
onto labelled fruit with different treatments being applied to fruits
growing in different plants, and included the following five treatments:
(TO) Water-sprayed (control), (T1) NaA (0.5 % w/v), (T2) Mel (100 pM),
(T3) Mel-NaA (100pM-0.5 % w/v) and (T4) Put (1 mM). All plants were
root-watered according to standard cultivation practices. Treatments
were applied at weekly intervals starting on 15 December, correspond-
ing to the following successive developmental stages: green receptacle
with enlarged achenes (LG), small white receptacle and green achenes
(SW), and large white receptacle with brown achenes (LW), as described
by Symons et al. [62]. To ensure fruit full coverage and high binding of
the priming agents, 0.1 % w/v Tween-20 surfactant was added in each
solution, freshly prepared for every time point.

Strawberry fruits, were harvested at commercial maturity stage 1
week after the last application. Representative fruits with uniform color
were assessed based on the absence of pest/disease damage such as
Botrytis infection. Based on this selection, only 45 fruit per treatment
were collected for further analysis. One lot (three 5-fruit sublots corre-
sponding to three biological replications) was flash frozen and kept at
—80 °C until needed for biological, enzymatic or molecular analyses as
described below. The second lot (three 10-fruit sublots corresponding to
three biological replications) was immediately used for fruit quality
assessment.

2.2. Fruit quadlity attributes

Fruit weight, volume, color parameters and firmness were deter-
mined according to Hadjipieri et al. [24]. Color parameters were
monitored, using a reflection colorimeter (CR-400, Konica Minolta,
Osaka, Japan), while flesh firmness (FF) was measured using a texture
analyzer (TA.XT plus, Stable Micro Systems, Surrey, U.K.).

Soluble solid content (SSC) and titratable acidity (TA) were
measured in fruit juice isolated using a professional juicer according to
Hadjipieri et al. [24]. SSC was quantified using a refractometer (Atago,
PR-32a, Japan), while TA was determined with the use of an automatic
multiple positions titrator (862 Compact Titrosampler, Metrohm AG,
Switzerland).
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Developmental phases

LG SW

15 December 22 22 December 22

29 December 22

LW R

09 January 23

Fig. 1. Strawberry developmental stages and dates of the pre-harvest applications. 15/12/22: 1st spray application, 22/12/22: 2nd spray application, 29/12/22: 3rd
spray application, 09/01/23: Harvest day. Abbreviations: Large green (LG), Small white (SW), Large white (LW), Red (R).

2.3. Total soluble sugars (TSS), glucose, fructose, sucrose content

Sugars [total soluble sugars (TSS), glucose, fructose, and sucrose]
were extracted according to Hadjipieri et al. [23], with slight modifi-
cations. Triplicate strawberry samples (0.3 g) per treatment were
extracted with 10 mL of 80 % v/v ethanol and sugars were determined
spectrophotometrically as described elsewhere [13,28].

2.4. Determination of total phenolic content

Total phenolic content was extracted from the samples following the
procedure of Shehata et al. [59] with slight modifications: 2 mL of 50 %
(v/v) methanol was added to 0.05 g of ground frozen strawberry fruit
and vortexed, and mixtures were placed at —20 °C for 48 h. Samples
were then centrifuged at 16000 x g at 4 °C for 10 min (Eppendorf
Centrifuge 5415 R), and the supernatant was stored at —20 °C. The total
phenolic content was estimated by the method of Georgiadou et al. [17],
with absorbance being measured at 765 nm (TECAN, Infinite 200®
PRO). Results were expressed as gallic acid equivalents (GAE; mg
100 g~! FW) and analysis were conducted in triplicate per treatment.

2.5. Determination of reduced ascorbic acid

The extraction for the reduced ascorbic acid was performed as
described by Habibzadeh et al. [22] with some modifications. In detail,
0.2 g were vortexed with 1.5 mL 2 % (w/v) metaphosphoric acid and
then centrifuged for 1 min at 16000 x g at 4°C (Eppendorf Centrifuge
5415 R). The reduced ascorbic acid was estimated by the method of
Georgiadou et al. [17] with modifications. Briefly, 500 pL of the diluted
2% w/v metaphosphoric acid extract was added to 900 pL of
50 mmol L1 2,6-dichloroindophenol and absorbance was monitored at
520 nm (TECAN, Infinite 200® PRO). Ascorbic acid (AsA) content was
quantified using a standard curve and expressed on a fresh weight base
in mg 100 g~ 1.

2.6. Determination of total anthocyanin content

Total anthocyanin content was extracted from the samples following
the procedure of Bal and Uriin [6] with some modifications: 1 mL of

95 % v/v ethanol: 0.1 N HCI (85:15) was added to 0.1 g of ground frozen
strawberry fruit and vortexed. Mixtures were placed at —20 °C for 24 h,
centrifuged at 16000 x g at 4 °C for 10 min (Eppendorf Centrifuge
5415 R), and supernatants stored at —20 °C.

Total anthocyanin content was quantified by the pH-differential
assay, according to Georgiadou et al. [17], with absorbances measured
at 510 and 700 nm (TECAN, Infinite 200° PRO). Anthocyanin concen-
tration was calculated as cyanidin-3-O-glucoside (CY3) equivalents and
expressed on a fresh weight base as mg 100 g-1.

2.7. Determination of total flavonoid content

Total flavonoid content was quantified from the samples following
the procedure of Meyers et al. [43] with some modifications. Ten mL of
acetone was added to 1 g of ground frozen strawberry fruit and vor-
texed, and mixtures were placed at —20 °C for 48 h. Samples were then
centrifuged at 16000 x g at 4 °C for 10 min (Eppendorf Centrifuge
5415 R), and supernatants stored at —20 °C. Total flavonoid content was
estimated by the method of Chang et al. [12] with slight modifications.
The reaction mixture consisted of 0.5 mL plant extract, 1.5 mL of 95 %
v/v ethanol, 0.1 mL of 10 % w/v aluminum chloride, 0.1 mL of 1 M
potassium acetate and 2.8 mL of distilled water. After incubation at
room temperature for 30 min, the absorbance of the reaction mixture
was measured at 415 nm (TECAN, Infinite 200° PRO). The results were
expressed on a fresh weight base as mg 100 g-1 quercetin equivalents.

2.8. Quantification of MDA and H20; content

The assessment of lipid peroxidation was carried out by quantifying
the malondialdehyde (MDA) content produced through the thio-
barbituric acid (TBA) reaction, as outlined by Filippou et al. [15].

The quantification of hydrogen peroxide (HO3) content was per-
formed through the reaction of HyOy with potassium iodide (KI), by
measuring the oxidation of iodide (I') to iodine (I) according to Loreto
and Velikova [34].

2.9. Quantification of endogenous melatonin and polyamine content

Melatonin extraction assay was conducted following the guidelines
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of the Melatonin ELISA Kit (Enzo Life Sciences, Farmingdale, NY, USA).
In summary, fruit samples weighing 0.5 g were finely ground into
powder using liquid nitrogen and homogenized in 125 pL of
1 x stabilizer solution from the kit. Subsequently, 750 pL of cold ethyl
acetate was added, and the mixture was subjected to vortexing.
Following 5 min incubation on ice, the solution was centrifuged at
1000 x g at 4 °C for 10 min. The resultant organic layer was transferred
to a new glass tube and subjected to overnight drying. The resulting
pellet was reconstituted in 200 pL of 1 x stabilizer for melatonin
quantification following the manufacturer’s specified protocols. The
levels of free polyamines were quantified by high-performance liquid
chromatography (HPLC) separation of dansyl derivatives, as elsewhere
described [40]. Analyses were performed in three biological replicates
per point of analysis.

2.10. (Poly)phenolic compound analysis by HPLC-DAD-ESI-MS/MS

The analysis was achieved as previously reported by Salazar-Orbea
et al. [54] and Buendia et al. [9] with modifications. Freeze-dried
samples (100 mg) were extracted with 1 mL of MeOH/ H2O/HOAc
(70:29:1, v/v/v). The samples were vortexed for 1 min and then soni-
cated for 30 min at room temperature. They were then centrifuged for
15 min at 20000 x g at 10 °C (Thermo Scientific ™ Sorvall™ ST 16,
Germany). The supernatant was filtered through a 0.22 pm PVDF filter
and three replicates were analyzed. Phenolics identification and quan-
tification were performed on an Agilent 1100 HPLC equipment coupled
in series to a photodiode array detector (G1315D) and an HCT Ultra
Bruker Daltonics ion trap mass spectrometer equipped with an electro-
spray ionization (ESI) interface HPLC-DAD-ESI-MS/MS (Ion Trap). The
chromatographic separation was completed using a Poroshell 120 EC
column (3 x100 mm, 2.7 um) from Agilent Technologies (Waldbronn,
Germany). The mobile phases used were HoO/HCOOH (Panreac, Bar-
celona, Spain) 99:1 (v/v) (A) and acetonitrile (J.T. Baker, Deventer, The
Netherlands) (B). The gradient was set as indicated: O min, 5 % B; 7 min,
18 % B; 17 min, 28 % B; 22 min, 50 % B; 27 min, 90 % B; 29-35 min,
5 % B. The flow rate, the injection volume and the column temperature
were 0.5 mL/min, 10 pL, and 25 °C respectively. The UV spectra were
recorded in the range of 200-600 nm. The ESI parameters included:
nebulizer pressure 65 psi, dry gas flow 11 L/min, and dry gas temper-
ature 350 °C. The capillary voltage was set at 4 kV, and spectra were
acquired in the negative ionization mode in the range of m/z 100-1500
and target mass 700. Automatic MS/MS mode was applied with frag-
mentation amplitude 1 V and 3 no. of parents. Phenolics were classified
by their UV spectra, retention time, molecular weight, and MS/MS
fragmentation pattern. Their quantification was completed using
authentic standards of castalagin (280 nm), catechin (280 nm) p-cou-
maric acid (320 nm), pelargonidin (520 nm), ellagic acid (360 nm) and
quercetin (360 nm) to assess the content of ellagitannins, flavan-3-ols,
hydroxycinnamic acids, anthocyanins, ellagic acid conjugates and fla-
vonols respectively. The authentic standard of castalagin was supplied
by Prof. Stephan Quideau (ISM, University of Bordeaux, France), while
the others standards (catechin, p-coumaric acid, pelargonidin, ellagic
acid, and quercetin) were purchased from Sigma-Aldrich.

2.11. VOC profiling

VOC analysis was adapted from the methodology described by
Vandendriessche et al. [66]. For each treatment, three replicate straw-
berries were sampled. Green parts were removed from the fruit, which
were then cut into small pieces. Subsequently the tissue was homoge-
nized with 0.5 mL of 1.0 M NaCl per gram of fruit. The resulting blend
was transferred to 15 mL Falcon tubes, snap-frozen in liquid nitrogen,
and stored at —80 °C until VOC analysis. Prior to analysis, the samples
were thawed overnight at 4 °C. A 5 g aliquot of the juice mixture was
transferred to a 20 mL headspace vial (Filter Service, Belgium), flushed
with filtered air, and sealed. For solid-phase microextraction (SPME),
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the vials were incubated for 35 min at 40 °C on a heated tray. Volatiles
were then extracted by exposing a Divinylbenzene/Carbox-
en/Polydimethylsiloxane (DVB/CAR/PDMS, 50/30 um film thickness;
Supelco Inc., USA) SPME fiber to the vial’s headspace for 30 min at 40
°C. The extracted aroma compounds were analyzed using an Agilent
7890 A gas chromatograph (GC) coupled with an Agilent 5975 C
Network Mass Selective Detector (MS) (Agilent Technologies, USA) and
a Gerstel Multi-Purpose Sampler MPS 2 (Germany). Following extrac-
tion, the compounds were thermally desorbed into the injector, which
was heated to 250 °C and equipped with a SPME liner (0.75 mm i.d.;
Supelco Inc., USA). Splitless injection was conducted for 0.5 min at a
flow rate of 50 mL/min, with a 10-min fiber thermal conditioning.
Separation of volatiles was achieved using a 30 m x 250 pm x 0.250 ym
HP-5MS column (Agilent Technologies), with helium as the carrier gas
at a flow rate of 1.2 mL/min. The GC temperature program was as fol-
lows: an initial hold at 35°C for 5 min, followed by a ramp to 150 °C at
4 °C/min, then a second ramp to 240 °C at 50 °C/min, with a final hold
at 240 °C for 5 min. The total run time was 40.55 min. The mass spec-
trometer scanned the m/z range from 30 to 350, with the ion source and
quadrupole set to 230 °C and 150 °C, respectively. Chromatographic and
spectral data were processed using MassHunter Workstation (Unknowns
Analysis v10.1, Agilent Technologies). Identification of volatile com-
pounds was carried out using the NIST 2020 database (NIST20, NIST,
USA), with the compounds listed in Supplementary Table 2.

2.12. RNA isolation and quantitative real-time PCR (RT-qgPCR)

Total RNA was extracted for all treatments in triplicate, using
100 mg strawberry fruit material, as reported in [25]. Total RNA was
then treated with recombinant DNase I (RNase-free) (Cat. No. 2270 A,
Takara Bio Inc.), in order to remove gDNA. For first-strand cDNA syn-
thesis, 0.5 pg of total RNA from each sample was transcribed into cDNA
using the PrimeScript™ RT reagent Kit (Perfect Real Time) following the
manufacturer’s instructions (Takara Bio, Japan). Expression levels were
analyzed in a Biorad IQ5 real-time PCR cycler (Biorad, USA). In total,
three biological replicates were performed for each treatment. RT-qPCR
was carried out in a final volume of 10 pL, containing 4 pL 5-fold diluted
first-strand cDNA, 0.5 pl each gene-specific primer (10 pmol/uL) and
5 L 2x master mix (KAPA SYBR®™ FAST qPCR Kit, Kapa-Biosystems).
Reaction conditions were initial denaturation 95 °C for 5 min, fol-
lowed by 40 cycles (95 °C for 30 s, annealing temperature (Ta °C) for
30 s, and 72 °C for 30 s) and a final elongation stage at 72 °C for 5 min.
The amplification cycle was followed by a melting curve run, with 61
cycles with 0.5 °C increments between 65 and 95 °C. The primer in-
formation related to allergen-related genes and melatonin biosynthetic
genes (50 and 58 °C) are shown in Supplementary Table 3. Strawberry
GAPDH and ACTIN were used as housekeeping reference genes. Relative
quantification and statistical analysis of gene expression levels using the
pairwise fixed reallocation randomization test were carried out using the
REST-XL software according to Pfaffl et al. [52]. Heatmaps were created
using ClustVis 2.0 according to Metsalu and Vilo [42].

2.13. Statistical analysis

For quality attributes, statistical analysis was performed with SPSS
v24.0 (SPSS Inc., Chicago, IL, United States), using one-way ANOVA
analysis and then Duncan’s multiple range test at significance level 5 %
(p < 0.05). For biochemical analysis, one-way ANOVA analysis was
performed, followed by Tukey-HSD post hoc test (P < 0.05). Figures
were prepared using GraphPad version 9.4.0 (GraphPad Software, San
Diego, CA, USA). For phytochemical analysis, both statistical analysis
(one-way ANOVA analysis was conducted including Tukey-HSD post
hoc test (p < 0.05) and plot designs were conducted using GraphPad
version 10.1.0 (GraphPad Software, San Diego, CA, USA). For the VOC-
data, multivariate statistical analysis, PCA, PLS and VIP analysis, was
done using JMP-Pro (v17, SAS Institute Inc., Cary, NC).
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3. Results
3.1. The effect of priming agents on quality attributes

As far as the color parameters are concerned, a brighter color, cor-
responding to higher L values, was recorded in sodium alginate-treated
strawberries compared with the other treatments (Supplementary Table
1). Less intense red colour, evidenced by the lower a* values, was
recorded in strawberries treated with sodium alginate, both alone and
functionalized by melatonin. Strawberries treated with the conjugate
Mel-sodium alginate had lower b*, C and h values compared with the
other treatments, but higher a*/b* values compared with fruit treated
with sodium alginate and Put (Supplementary Table 1). The pre-harvest
application of different priming agents showed differences regarding FF.
In particular, putrescine-treated strawberries were characterized by
higher firmness values compared with the water-sprayed and melatonin
applications. However, there were no significant differences in volume,
weight, SSC, TA and RI (Table 1).

While no differences in SSC were determined, variations in total
soluble sugars and sucrose were recorded (Fig. 2). In particular, appli-
cation of Mel-NaA induced the highest concentration in TSS (p < 0.01)
compared with the NaA treatment. However, no significant differences
were observed between Mel and Mel-NaA treatment as well as between
Mel and NaA. Moreover, the Put treatment also had a significant in-
crease (p < 0.05) in TSS content compared with NaA. Regarding the
sucrose content, Mel and Mel-NaA treatments had the highest sucrose
content compared with the water-sprayed treatment. Furthermore, even
though Mel and Mel-NaA induced similar levels in sucrose content, they
both showed a significant (p < 0.05) increase of sucrose content
compared with NaA. Putrescine treatment did not show any significant
effect on the sucrose content (Fig. 2).

3.2. The effect of priming agents on phenolics

The pre-harvest application of the priming agents had a notable ef-
fect on strawberries’ total flavonoid content; In particular, total flavo-
noids showed higher concentration in Mel-NaA and Put (p < 0.01), as
well as in NaA-treated fruit (p < 0.05) compared with water-sprayed
ones (Fig. 3D). On the other hand, no differences in the contents of
total phenolics, reduced ascorbic acid, and total anthocyanins were
observed (Fig. 3A,B,C). The highest total flavonoid content was
observed in fruits treated with Put, compared with the control. Addi-
tionally, Mel alone did not affect flavonoid content; however, when NaA
was used as a carrier for Mel in the form of functionalized alginate-
melatonin treatment (Mel-NaA), a significant increase in total flavonol
content was observed (Fig. 3D).

3.3. The effect of priming agents on stress markers
None of the treatments applied resulted in significant changes in

malondialdehyde (MDA) and H2O5 contents, which are commonly used
stress markers indicative of potential oxidative stress damage

Table 1
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(Supplementary Figure 1), thus suggesting that the priming treatments
did not result in cellular damage effects in fruit.

3.4. The effect of priming agents on endogenous melatonin and polyamine
contents

No significant differences were observed in free polyamine contents
(Fig. 4A,B,C). However, the highest melatonin levels in fruit were
observed in samples treated with Mel-NaA followed by Put. Interest-
ingly, the application of Mel alone did not increase melatonin content
within the fruit compared with the control group. However, when
functionalized alginate was used as a delivery system for melatonin,
there was a significant enhancement in endogenous melatonin levels in
the fruit (Fig. 4D).

3.5. The effect of priming agents on individual polyphenolic compounds

The phytochemical analysis revealed that pre-harvest treatments
differentially regulated the content of several polyphenolic compounds
(ellagitannins, flavan-3-ols, hydroxycinnamic acids, ellagic acid and
conjugates) (Fig. 5). There are two isomers of pedunculagin (isomer 1
and 2) with same mass and same structure but different stereochemistry
in the hydroxyl at C-1 of glucose. NaA resulted in the lowest amount of
Bis-HHDP-glucose (Pedunculagin)_isomer 1 compared with the water-
sprayed treatment, whereas the rest of the treated fruit had similar
Bis-HHDP-glucose (Pedunculagin) isomer 1 content to water-sprayed
fruit and NaA ones (Fig. 5A,B). Regarding the content in Bis-HHDP-
glucose (Pedunculagin)_isomer 2, Mel-NaA-treated fruit registered the
highest content on this compound compared with Mel, NaA and water-
sprayed. However, the Put-treated fruit did not show any differences
among the other treatments. Regarding the flavan-3-ols, procyanidin
dimer B1 registered the highest concentration in putrescine
dihydrochloride-treated fruit (p < 0.05) compared with water-sprayed
(Fig. 5C). In addition, procyanidin dimer B2 registered the highest
concentration in Mel-NaA (p < 0.05) compared with water-sprayed
(Fig. 5D). The other treatments did not show differences when
compared with the water-sprayed one. Putrescine dihydrochloride and
Mel showed the highest contents on p-Coumaroyl hexose isomers 1 & _2
compared with other treatments, yet similar to water-sprayed (Fig. 5E,
F). On the other hand, NaA and Mel-NaA showed lowest content in
isomer _1 than water-sprayed. A similar pattern was observed in the
contents of p-Coumaroyl hexose_2, yet with less pronounced differences.
Several p-coumaroyl-glucose isomers are feasible; the metabolites found
here with the same formula and mass spectra signals were detected in
agreement with previous studies [9].

Significant differences were monitored with reference to ellagic acid
and its conjugates (Fig. 5G,H). Mel-NaA had the highest content on
ellagic acid rhamnoside compared with water-sprayed and the rest of
the treatments. Furthermore, the same treatment positively impacted on
the content of ellagic acid, compared with sodium alginate and Mel. This
is also consistent with the effects of treatments on ellagitannins
described above, and makes sense from the biosynthetic point of view

The effect of pre-harvest application of NaA, Mel, Mel-NaA and Put on fruit quality attributes (Fresh fruit weight (g), volume (mL), Soluble solids content (SSC, °Brix),
Titratable acidity (TA, % citric acid) and Flesh firmness, N) of strawberry fruits (cv. ‘Felicity Q3").

Weight Volume (mL) SSC (°Brix) TA RI (SSC/TA) Force (N)

® (% citric acid)
Water-sprayed 19.39+1.32a 22.07 +1.63a 9.30 £ 0.23 b 0.99 £+ 0.03 a 9.45+0.5a 2.34 + 0.1 be
Sodium alginate (NaA) 17.84 £ 0.93 a 20.90 +1.08 a 9.23+0.12b 1.00 +£0.04 a 9.28 +0.25a 2.63 +0.12 ab
Melatonin (Mel) 18.86 £1.12a 22.33+1.47a 9.47 £ 0.09 ab 1.04+£0.02a 9.13+0.18a 2.36 + 0.1 be
Sodium alginate/Melatonin (Mel-NaA) 17.51 £ 1.65a 20.56 + 1.96 a 9.33 +£0.03b 1.05 + 0.04 a 8.89 +£0.29 a 2.44 + 0.11 abc
Putrescine dihydrochloride (Put) 17.43 +1.28 a 19.63 £ 1.59 a 9.50 + 0.12 ab 1.01 £0.05a 9.41+0.4a 2.72+0.12a

Each treatment measurements in a row: Water-sprayed= Water + Tween 20, NaA= Sodium Alginate + Tween 20, Mel= Melatonin + Tween 20, Mel-NaA = Melatonin
+ Sodium Alginate + Tween 20, Put = Put dihydrochloride +Tween 20). Data represent the mean (n = 30 fruit) + SE. Different letters are significantly different

(p < 0.05) within each column.
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Fig. 2. The effect of pre-harvest application of Mel, NaA and Put on total soluble sugars (TSS) (A), sucrose (B), glucose (C), fructose (D) at fully ripe strawberry fruits

(cv. ‘Felicity Q3°).

and with similar biological implications.

3.6. The effect of priming agents on VOC profile

A total of 118 VOCs were identified and ‘quantified’ in terms of their
relative peak area to account for SPME fiber variations (Supplementary
Table 2). The PCA score plot revealed a variation between replicate fruit
as large as the variation between the different treatments, showing no
clear separation between the treatments (Supplementary Figure 2). The
PLS-DA analyses using the VOCs as X-variables and priming treatment as
the Y-response was not able to establish robust prediction models for any
of the treatments. These results suggest that the VOC profile was not
systematically affected by the imposed priming treatments.

3.7. The effect of priming agents on allergenic protein and Mel
biosynthesis gene expression

The expression levels of selected genes involved in the biosynthesis
of known strawberry allergenic proteins and melatonin (Allergenic
proteins: Fra a2, Fra a3, Fra al-A, Fra LPT46, Fra A4 Melatonin: Fra TDC,
Fra TSH, Fra SNAT, and Fra ASMT) were evaluated following treatment
with different priming agents (Fig. 6; Supplementary Figure 3; Supple-
mentary Tables 4,5). Of the treatments, NaA generally caused moderate
changes in gene expression, leading to the up-regulation of Fra a3 and

Fra TDC, with a significant fold increase for Fra a3 (4.891 fold-increase;
p = 0.0010) (Supplementary Table 4). On the other hand, other genes,
including Fra a2, Fra al-A, Fra A4, and Fra ASMT, were predominantly
down-regulated (p < 0.05), whereas the expression changes for other
genes (e.g., Fra LPT46, Fra SNAT) were not statistically significant in the
case of NaA (Fig. 6). In the case of Mel treatments, Fra a3 was up-
regulated (25.670-fold, p = 0.0375), while a significant down-
regulation effect of melatonin on Fra TDC (-16.145-fold) and Fra
ASMT (-16.011-fold, p = 0.0010) was further noted (Supplementary
Table 4).

In the case of conjugation of Mel-NaA, significant up-regulation of
Fra a3 (14.774-fold, p = 0.0010) was achieved. However, the combi-
nation strongly down-regulated genes such as Fra TDC (-8.821-fold,
p = 0.0010) and Fra ASMT (-9.553-fold, p = 0.0010) (Supplementary
Table 4). The application of Put resulted in a pronounced elevation in
the expression of Fra a3 (24.710-fold, p = 0.0345) and a moderate in-
crease in the expression of Fra SNAT (1.574-fold, not significant).
Additionally, it significantly down-regulated Fra TDC (-4.976-fold,
p = 0.0010) and Fra ASMT (-3.169-fold, p = 0.0010), while the changes
for other genes were relatively mild (Supplementary Table 4).

Overall, the statistical analysis confirmed the significance of
expression changes, particularly for Fra a3, Fra TDC, and Fra ASMT, in
response to specific treatments. Notably, Mel and Put treatments resul-
ted in significant upregulation for Fra a3 (p < 0.05; Supplementary
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Fig. 3. The effect of pre-harvest application of Mel, NaA, Mel-NaA, and Put on total phenolic (A), reduced ascorbic acid (B), total anthocyanin (C) and total flavonoid

(D) contents of strawberry fruit (cv. ‘Felicity Q3’).

Table 4), while Mel and Mel-NaA resulted in significant downregulation
for Fra TDC and Fra ASMT (p < 0.001; Supplementary Table 4). As noted
above as well, Mel and Put showed significant upregulation of Fra a3,
with Mel exhibiting the highest expression increase for Fra a3 (25.670-
fold). In contrast, NaA and Mel-NaA treatments demonstrated moderate
expression changes across most genes (Fig. 6).

4. Discussion

Enhancing fruit quality attributes by employing sustainable practices
is one of the highest priorities for horticultural products. Exogenous
application of plant growth regulators has been widely investigated in
sustainable agricultural production and among them, natural com-
pounds (e.g., Mel, Put) delivered by nanocarriers (e.g., alginate) are a
promising approach to be used as priming agents in strawberry culti-
vation to enhance fruit quality and polyphenol profile [45]. Such ap-
proaches have been mainly studied at the post-harvest level. Revelant
studies [36,35] demonstrated that functionalizing chitosan nano-
particles with glycine betaine and arginine chitosan can serve as an
effective carrier for delivering such compounds as a fruit coating treat-
ment at postharvest level that led to enhanced plum fruit quality attri-
butes but also to extended shelf-life during cold storage conditions. The
aim of this study was to investigate the efficacy of such nanocarriers and

evaluate their potential as a sustainable approach to improve strawberry
fruit quality at pre-harvest level.

Visual quality is one of the most important parameters consumers
assess when buying strawberry fruits; therefore, color value was the first
quality attribute to be taken into account. NaA- treated strawberries
showed higher L* values which indicate brighter fruit and hence more
visually attractive [55]. Strawberries treated with Mel-NaA were char-
acterised by lower b*,C and h and higher a*/b* values. Lower hue angle
(h) and chroma (C) values are linked with more intense red color and
lower color saturation, respectively [67]. Such sensory changes may
increase the attractiveness to consumers. Even though chromaticity
parameters linked to red color have been correlated with the anthocy-
anin content [67]; it is not the case in results reported herein. The
co-occurrence of organic acids, pH and the occurrence of co-pigments
can affect the final strawberry color perceived although the anthocy-
anin content can be similar.

Another important attribute for strawberries is flesh firmness as it
affects the resistance to handling, storage life and the overall market-
ability of the strawberry and is influenced by both the cultivar and other
factors (ripening stage, fruit size, temperature, etc.). Increased fruit
firmness is connected to reduced post-harvest losses and extended shelf-
life. In our study, fruit treated with Put were firmer than those subjected
to other priming treatments. This comes in accordance with the findings
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Fig. 4. The effect of pre-harvest application of Mel, NaA, Mel-NaA and Put on endogenous content of putrescine (A), spermidine (B), spermine (C) and melatonin (D)

of strawberry fruits at fully ripe stage (cv. ‘Felicity Q3").

of studies in other fruit crops, where pre-harvest Put application main-
tained the fruit firmness of pear fruit [60]. The exogenous application of
Put on strawberry fruit has been reported to delay fruit ripening, which
corresponded with changes in multiple physiological parameters such as
firmness, anthocyanin, sugar and polyamine contents, among others
[21]. To conclude that putrescine treatment has a beneficial effect on
strawberry firmness retention, further studies are needed that will have
a considerable bigger pool of fruits examined and will additionally
consider the fruit size and weight effect as smaller fruit tend to be denser
and firmer.

Sweeter fruits are usually more desirable to consumers and taste is
highly depended on sugar content. Pre-harvest treatments Mel-NaN on
strawberries had an overall significant effect on the total soluble sugar
(TSS) and sucrose. Melatonin could regulate carbohydrate metabolism
and support the plant’s osmoregulatory response, as critical function
during stressful conditions [5]. Several reports have shown that mela-
tonin application can influence sugar metabolism by altering the
expression of sugar transporter genes and enzymes involved in carbo-
hydrate metabolism and TSS accumulation in different horticultural

crops like apple [73], pear [32], and peach [77].

Ascorbic acid, the well-known Vitamin C, is a water-soluble micro-
nutrient that is not synthesised by the human body and is obtained
through the diet, primarily from fruits and vegetables. Amongst the
fruits, strawberries are considered an excellent source of L-ascorbic acid
[47]. Previous studies have reported that the exogenous application of
melatonin has been shown to increase ascorbic acid content in apple
leaves [69], while Okatan et al. [48] reported higher levels of ascorbic
acid in four strawberry cultivars after pre-harvest exogenous melatonin
application. In addition, Li et al. [31] showed that the use of edible
coatings, including alginate, maintained the increased ascorbic acid
content of strawberry fruit under storage conditions. However, although
Mel-NaA treatment resulted in an increased content of ascorbic acid, it
was not statistically significant compared with the other treatments.

Secondary metabolites, particularly polyphenols are responsible for
increased quality of vegetables and fruits, including color, flavor, firm-
ness, and bitterness, contributing at the same time to the antioxidant
capacity and plant defense mechanisms [61]. Anthocyanins are pig-
ments found in many vegetables, fruits and flowers, with a health
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Fig. 5. The effect of pre-harvest application of Mel, NaA and Put on polyphenolic compounds of classes Ellagitannins (A, B), Flavan-3-ols (C, D), Hydroxycinnamic
acids (E, F) and Ellagic acid and conjugates (G, H) of an early-harvested strawberry cultivar (Fragaria x ananassa cv. ‘Felicity Q3).

beneficial role to plant and human health. Strawberries are a rich source
of anthocyanins and numerous reports have focused on the quantifica-
tion of their content [37]. In the current study, fruit treated with Put did
not reveal a meaningful increase of total anthocyanin content compared
with the other priming strategies (NaA alone or in combination with
Mel). To our knowledge, no studies have been found to directly connect
the increased anthocyanin content to pre-harvest application of Put,
while its postharvest application has been reported to maintain the total
anthocyanins in high levels under storage conditions [6].

Melatonin, spermidine, and putrescine can upregulate transcript
levels of antioxidant enzymes in plants [68,76] and improve the quality
of fruit, elevating at the same time the number of beneficial substances,
like sucrose, polyphenols, and antioxidant compounds [70,72]. In the
present study, melatonin alone or conjugated with sodium alginate were
found to regulate polyphenol metabolism, as they increased the con-
centration of an important number of polyphenols, such as ellagitannins,
flavan-3-ols, hydroxycinnamic acid, ellagic acid and their conjugates.

Particularly, = Mel-NaA-treated  fruit  significantly = impacted
Bis-HHDP-glucose (Pedunculagin)_isomer 2 content compared to other
treatments. Pedunculagin has two isomers (isomer 1 and 2) with same
mass and same structure but different stereochemistry in the hydroxyl at
C-1 of glucose which were both present in treated fruits of these study.
These type of ellagitannins have been associated with the defense of
strawberries against plant pathogens [20]. Xu et al. [71] reported results
that are in accordance with current findings, as they indicated an in-
crease in the content of total phenols, flavonoids, and proanthocyanidins
of grape berries, after the exogenous application of melatonin. In spe-
cific, they found that melatonin treatment significantly increases the
contents of non-flavonoid compounds such as coumaric acid [71].
Ellagitannins and ellagic acid derivatives were significantly enhanced
with some of the priming treatments applied (Mel-NaA). These could
impact the strawberry taste, as these polyphenols can impart astringent
or mouth feeling sensations, and some of these are part of the charac-
teristic strawberry fruit flavor [56]. In addition, these phenolics can
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Fig. 6. Heat map of the relative expression levels of A) allergen-related genes (Fra a2, Fra a3, Fra a 1-A, Fra LPT46 and Fra A4) and B) melatonin biosynthetic genes
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(n = 3). Relative mRNA abundance was evaluated by real-time RT-qPCR using three biological repeats. Up-regulation is indicated in green; down-regulation is
indicated in red. A scale of color intensity is presented as a legend. Control (water-sprayed) samples and GAPDH housekeeping reference gene were used for cali-
brating gene expression values. Actual relative expression levels are shown in Supplementary Table 4.

have protective effects against the development of plant pathogens
(Pseudomonas); therefore, the treatments can have beneficial effects
during strawberry development [64].

Interestingly, priming treatments did not result in the differential
regulation of VOC compounds constituting aroma profile in comparison
with water-sprayed control plants, suggesting that primed fruit retain
their aroma quality with no aroma profile ‘penalty’, as seen in other
cases such as in grapevine plants sprayed with swelling agent CPPU that
resulted in the decreased content of several VOCs such as hexanal,
phenyl ethanol, damascenone and linalool [53].

Current findings revealed that strawberry fruit treated with Mel-NaA
exhibited the highest levels of endogenous melatonin, suggesting that
alginate may be an effective carrier to enhance melatonin’s efficacy with
lower dose needs. Carriers like alginate enable the controlled, sustained
release of priming agents such as melatonin, which can improve the
efficiency of these active compounds. These biopolymer-based carriers
like alginate and chitosan represent a promising, sustainable approach
in agricultural technology, providing an eco-friendly method to deliver
priming agents and effectively enhance not only plant stress resilience
against different abiotic stress, but also fruit quality and yield [19]. For
instance, Gohari et al. [18] reported that using chitosan as a
bio-polymer-based nanocarrier for delivery of melatonin significantly
boosted melatonin’s efficacy in spearmint plants under salinity stress.

An additional point of concern following exogenous application of
priming agents by direct spraying on fruit was the potential induction of
allergenic proteins. Of the five known allergenic proteins in strawberry
that were examined by RT-qPCR, four did not show any increase in
transcript levels, in line with a biosafe approach. The exception was Fra
a3 which encodes an allergen of fruits and belong to the PR10 family
[46]. This gene family has been well-correlated and regulated in the case
of pathogen infection, exhibiting antimicrobial activities against bacte-
ria, fungi and viruses [41]. By modifying the biosynthesis of flavonoid
and anthocyanin pathways, Fra a3 has also been shown to be involved in
stress response and fruit ripening [46]. Fra a3 was the most strongly
up-regulated gene across all treatments, particularly with Mel and Put.
In a similar study by Petriccione et al. [51], application of chitosan also
increased the transcript level of Fra a3 at all ripening stages. Such an
increase in Fra a3 transcript levels could indeed suggest a potential in-
crease in allergenic risk to sensitive consumers, raising concerns. How-
ever, theoretical population-level health risk remains low unless the
protein accumulates in high concentrations in the consumable part of

10

the fruit [26], therefore rendering future protein content analyses as
essential. In any case, it is important to note that Fra a3 expression levels
were lower in NaA-Mel treated samples, in comparison with Mel-treated
ones, suggesting that delivery of Mel with NaA constitutes a more bio-
safe approach in terms of potential allergenicity effects than direct agent
application.

Tryptophan decarboxylase (TDC) is an enzyme responsible for the
catalysis of conversion of L-tryptophan (Trp) to tryptamine, which is a
precursor of serotonin and melatonin in plants [63]. A number of reports
have clearly reported the positive effects of melatonin in biosynthesis of
metabolites and delayed senescence in the case of strawberries [14,33,
38]. In this context, the enhanced transcript levels of Fra TDC is para-
mount with respect to melatonin biosynthesis. According to present
findings, Mel and Mel-NaA treatments significantly down-regulated Fra
TDC (-16.145-fold and —8.821-fold, respectively). Similarly, Put
down-regulated Fra TDC, albeit to a lesser extent (-4.976-fold). Fra
ASMT (Acetylserotonin O-Methyltransferase) is a critical enzyme in the
biosynthesis of melatonin [10]. As in the case of Fra TDC, transcript
levels of Fra ASMT were down-regulated by Mel, and Mel-NaA and Put,
as well. Results suggest that these treatments could potentially modulate
the melatonin biosynthetic pathway, redirecting metabolic fluxes to-
wards alternative stress-response mechanisms.

5. Conclusions

Current results suggest that alginate, as a biopolymer-based carrier,
may function as an effective and robust delivery system for melatonin in
strawberry plants with special reference to secondary metabolism linked
to fruits’ phytochemical content. Ellagitannins and ellagic acid de-
rivatives in particular were enhanced following application of the Mel-
NaA conjugate. VOC profiling revealed no significant effect in aroma
components following any of the priming treatments in comparison with
water-sprayed fruit, suggesting no aroma ‘penalty’. Overall, this
approach could offer substantial benefits that can be additionally
explored at post-harvest level towards fruit preservation and quality
enhancement, positioning alginate-based delivery systems as a prom-
ising strategy in the development of advanced fruit coating technologies.
Global transcriptomic analyses are scheduled in futured experiments in
order to further evaluate the potentially positive effect of these priming
agents on the quality of strawberries and to improve the understanding
of their mode of action. The extent to which these promising priming
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agents can enhance yield efficiency beyond their beneficial effect on
secondary metabolism, needs to be clarified in large scale experiments
or trials under semi-commercial conditions.
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ARTICLE INFO ABSTRACT
Keywords: Red raspberry is considered a knowledge- and capital-intensive crop that targets a niche market globally; its
Sustainable production quality attributes and enhanced health-promoting properties are highly appreciated by the consumers. In the
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Container production
Primocane

Water use efficiency

context of the exponential growth in demand for this specialty crop that suffers from limited shelf life, it is
imperative to expand raspberry cultivation by employing sustainably-sourced production models. In the current
study, we used Cyprus as a case study that is characterised by increased production costs and lack of year-round
production despite the fact that the latter is feasible under different production systems and cultivation methods
in different altitude-related meso-climates. Towards that goal, the current study assessed the life cycle envi-
ronmental impact and life cycle costs of two different cultivation methods - open-field production that took place
from May to November 2022 and protected cultivation in high-tunnels, from August 2023 to April 2024, using in
both cases the same cultivar (Kwanza®) and plant type. The results indicated that protected cultivation has better
environmental performance (3.7 mPt - milli eco-points - per kg of raspberry produced compared to 7.4 mPt for
open-field production). Noteworthy, production cost is excessive and substantially higher compared to other
countries; open-field production has a life cycle cost of 22.5 €/kg, while protected cultivation achieved a lower
life cycle cost, equal to 14.0 €/kg yet still high. From an output perspective, a key observation is the increased
yield of raspberries in protected cultivation as well as the enhanced water use efficiency of the crop, due to a
reduction of the water footprint by 76 %. It is also important to highlight the increased harvest efficiency of the
crop under high tunnel, with 500 g per plant compared to 350 g on open field cultivation. Hence, it is safe to
conclude that despite the increased start-up costs and knowledge-intensive practices, the productivity of the crop
is increased during the off-season months, that can be sold for a premium. The results highlight the environ-
mental and economic impact of the two cultivation methods and will be useful for producers and crop advisors
seeking to expand the raspberry cultivation in climates that resembles south-eastern Europe and are charac-
terised as vulnerable to adverse climate change scenarios.

1. Introduction growing popularity and exponential growth in demand and production
volumes (IRO, 2024). This is partially due to the fact that raspberry fruit
Raspberry (Rubus idaeus L.) is an economically significant crop with a represents an excellent natural source of biologically active components
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that provide significant health-promoting benefits (reviewed in Man-
ganaris et al., 2014 and is also getting increasingly recognized for its
efficacy in preventing chronic diseases, including cancer and cardio-
vascular disorders (Burton-Freeman et al., 2016).

In the 21st century, several commercially important red raspberry
cultivars have been developed through hybridisation or selective
breeding from diverse genetic sources, extending their productivity and
seasonality in tropical, sub-tropical, and Mediterranean regions
(Kempler et al., 2012). These cultivars are characterised by enhanced
traits, such as larger fruit size, better flavour, disease resistance and
tolerance, enhanced harvest efficiency, and adaptability to different
climates. Such improvements rendered raspberry cultivation commer-
cially viable and contributed to its popularity as a widely cultivated fruit
(Hall et al.,, 2011). Multiple public and private breeding programs
around the world contribute to the development and release of new
cultivars with a growing number of releases having royalties that in-
crease farmers’ overall costs of production.

The consumption of locally grown fruits minimises carbon footprint;
however raspberries cannot be grown in open fields year-round in many
regions (Reisch et al., 2013). On top of that, farmers must implement
cost-effective cultivation practices to minimize financial risks and
maintain profitability. Overall, the year-round availability of a specialty
crop like raspberry requires a high level of technical expertise and is
achieved through a combination of adopting appropriate plant material
(different cultivars), using superior production protocols and cultivating
across different climates.

Raspberry is considered a perennial fruit crop, yet it develops bien-
nial canes that vary temporally and spatially with regards to fruit pro-
duction, depending on raspberry type. The first type is floricane-fruiting
(i.e., non-remontant or summer-bearing). This type produces vegetative
primocanes in the first year. These canes go through acclimation in
autumn and overwinter, accumulating chilling units that induce flo-
ricanes into bearing flowers and fruits on lateral branches the following
year. In contrast, primocane-fruiting (i.e., remontant, ever-bearing, or
fall-bearing) types produce flowers and fruits at the top of first-year
primocanes as well as on second-year floricanes after accumulating
sufficient chilling units in winter (Manganaris et al., 2024).

Raspberry cultivation encompasses several labour-intensive tech-
niques that are tailored to raspberry type, market requirements, and
environmental conditions. Traditional raspberry cultivation involves
open-field production, where plants are grown directly into the soil or
sometimes containers, and the canopy is supported by trellises or stakes
(Dale et al., 1994). Protected cultivation is an alternative production
method that uses, plastic high tunnels, greenhouses, or other covers that
extend the raspberry production season and enable harvest through
modifications in the microclimate, while protecting against unpredict-
able weather patterns (Dale 2012; Palonen et al., 2017). Protected
cultivation is generally more dependent on the use of containers with
soilless media, such as coir and peat, which enables hydroponic tech-
niques to be used whereby nutrients are dissolved and provided
frequently in irrigation water (Ragaveena et al., 2021). Overall, pro-
tected cultivation conceptually provides many benefits to raspberry
production, leading to optimised growing conditions, but it is highly
intensive and requires a high financial investment from growers (Dale,
2012). A careful selection of the production system must be made to
ensure maximum production and profitability leading to economic
viability.

Understanding the environmental footprint of agricultural practices
can reveal information on whether the water, energy, and land are being
used inefficiently or excessively (Gruda et al., 2019; Janick 2003). As a
commodity with a very short shelf life that requires cooling to maximize
product longevity and quality, the raspberry supply chain has a signif-
icantly high environmental impact (Blanc et al., 2018). Several studies
have been conducted to improve raspberry cultivation techniques,
focusing on optimising plant growth, increasing yield, and improving
fruit quality (Girgenti et al., 2013; Foster et al., 2015; Kailasam et al.,
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2020; Sangiorgio et al., 2021; Ponder and Hallmann., 2019; Valiante
et al., 2019). However, all these studies focus on regions located in
mainland Europe, where the climate is temperate.

In the current study, Cyprus case study is characterized by extreme
temperatures and heatwaves compared to the rest of Europe. Addi-
tionally, its nature as an island poses significant challenges in terms of
access to resources and higher production costs. More specifically,
Cyprus is a Mediterranean island located in the easternmost part of the
basin. It is characterised by different mesoclimates: a temperate climate
in the mountainous areas with hot and dry summers, while the mainland
and coastal areas are categorised as hot and arid, according to the
Koppen-Geiger system (Peel et al., 2007; Zittis et al., 2017). The mean
annual precipitation is approximately 470 mm, and most of the water
resources originate in the Troodos mountains, covering nearly 30 % of
the island (Christofi et al., 2020). The average precipitation in moun-
tainous Cyprus is estimated to be 600 mm (Katsanos et al., 2016;
Michaelides et al., 2009). Over the last decades, the observed rainfall
trends in this part of the Mediterranean have been mostly declining
(Papadaskalopoulou et al., 2020). Cyprus is among the EU Member
States with the least available water per capita and remains vulnerable
to climate change due to droughts and water scarcity (RoC, 2021),
therefore the selection of sustainable cultivation practises that mini-
mizes the use of water is crucial for the overall sustainability of Cypriot
agriculture (EC, 2023). The rise of average air temperatures and more
frequent heatwaves during the harvest season have caused problems to
farmers who are still using traditional cultivation practices. Considering
these challenges, there is an emerging need to explore alternative stra-
tegies that safeguard farmers’ livelihoods (del Pozo et al., 2019).

Despite climate change concerns, the production of small fruits has
expanded in the past two decades in the mountainous regions of Cyprus.
In these areas the milder summer months and the relatively colder
winter conditions permit open-field cultivation in the soil, which is
considered an easier, low-cost production method. Growers use
primocane-fruiting cultivars, and the production seasonality is limited
to few months, mainly spanning from May until September (Lazoglou
et al., 2024). Extreme heatwaves (over 30 °C) and lack of precise ferti-
gation management techniques accelerate the ripening process, having a
detrimental effect on fruit quantity and quality. Additionally, the in-
duction of new flowers for next year’s production is usually disrupted by
high fall and winter temperatures, resulting in relatively small yields
from the floricane crop.

As a direct response to these challenges, the establishment of low-
cost high tunnels made of plastic (“poly”) has emerged as a promising
solution, particularly in the flatlands of Cyprus. Notably, these regions
experience significantly higher temperatures, reaching up to 40 °C
during summer and ca. 17 °C during winter periods. These passively
modified environmental conditions extend the cultivation period of
plants and permit off-season production from fall through spring when
conditions are generally unfavourable for traditional, open-field culti-
vation. Due to lower solar radiation and wind speeds, high-tunnel-grown
plants are likely to require a reduced amount of water owing to their
relatively lower vapour pressure deficit.

Another challenge for Cyprus is that due to its remote nature, as an
island, all resource and energy prices are significantly higher than the
average European ones. This is also reflected in the competitive prices of
imported raspberries. The objective of this study was to compare
Kwanza® primocane raspberry production in two distinct environments
with different cultivation techniques and associated production periods
in Cyprus: (i) open-field cultivation from May until December 2022 and
(ii) protected cultivation in high tunnels from August 2023 until April
2024. The overarching aim was to compare the two cultivation tech-
niques and generate recommendations whether farmers can consider
replacing or complementing traditional open-field cultivation with
protected cultivation without jeopardising yield and profitability, while
minimizing their environmental impact. To our knowledge, this is the
first reported attempt to evaluate the cultivation of raspberries in a
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decentralised location with temperature extremes and water scarcity
such as the conditions found in Cyprus. Another contribution of our
study is the use of real-world data collected from the vegetative stage of
a young Kwanza® planting until the end of primocane harvest in two
distinct environments, with unique climatic conditions and cultivation
methods in order to determine which is more profitable for Cyprus’s red
raspberry cultivation.

2. Methodology

A Life Cycle Assessment (LCA) was employed to evaluate the envi-
ronmental performance of the two different raspberry cultivation
methods. The current study adopted a methodological approach aligned
with the LCA framework outlined in 1SO014040/44:2006 (ISO, 2006),
which includes four key stages:

1. Goal and Scope Definition, by establishing the study’s objective and
delineating the spatial and temporal boundaries of the chosen
system.

2. Life Cycle Inventory (LCI), by compiling an inclusive inventory of all
incoming and outgoing exchanges between the system and the
environment.

3. Life Cycle Impact Assessment (LCIA), by calculating the environ-
mental impact indicators, drawing from the inventory flows, and
corresponding characterisation factors.

4. Interpretation of Results to discern the broader significance of the
LCA assessment findings.

Table 1

Selected set of midpoint impact indicators.
Impact category Impact acronym Unit
Climate change GWP kg CO2,eq
Ozone depletion ODP kg CFC-11¢q
Ionising radiation IRP kBq U-235¢4
Photochemical ozone formation PCOP kg NMVOC.q
Particulate matter PM disease incidence
Human toxicity, non-cancer HTPNC CTUh
Human toxicity, cancer HTPC CTUh
Acidification AP mol Hy
Eutrophication, freshwater FEP kg Peq
Eutrophication, marine MEP kg Negq
Eutrophication, terrestrial TEP mol Neg
Ecotoxicity, freshwater ETP CTUe
Land use LU Pt
Water use WDP m>
Resource use, fossils ADPF MJ
Resource use, minerals ADPM kg Sbeq
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The Life Cycle Assessment was performed using the SimaPro 9.2
Academic License, with the ecoinvent v3.7 database. The Environmental
Footprint 3.0 was chosen as the assessment method. Environmental
Footprint 3.0 is affiliated with the Environmental Footprint initiative
and is the preferred method of LCA practitioners, since it provides both
midpoint and endpoint indicators, and it is widely used by recent studies
on the same sector (Valiante et al., 2019). The midpoint impact in-
dicators employed to evaluate the environmental impact of raspberry
production in this study, together with the abbreviations used and the
units of measurement, are illustrated in Table 1. The endpoint single
score indicator of this impact assessment method is the Environmental
Footprint, and it is expressed in ecopoints (Pt). One milli ecopoint (mPt)
corresponds to the annual environmental impact of an average European
citizen.

2.1. Goal and scope definition

As previously mentioned, the scope of the study was to compare the
environmental impact of raspberry production using two distinct culti-
vation methods: (a) soil-less open-field cultivation, with lower estab-
lishment costs but possibly higher water usage and lower yield, and (b)
soil-less protected cultivation with a high-tunnel, entailing higher initial
investment but with higher yield potential while conserving water. The
research seeks to guide producers toward more cost-effective and eco-
efficient production options, particularly in Mediterranean decentral-
ized microclimates, as exemplified by the case study in Cyprus. Hence,
the geographical scope refers to Southeastern Europe.

A cradle-to-gate approach was adopted for comparing both cultiva-
tion systems, focusing specifically on pre-harvest activities from nursery
supply to primocane harvest. Data for the soil-less open-field cultivation
method was sourced from a field located in Chandria village (altitude ca.
1200 m) in the upper highlands of Troodos, Cyprus (Fig. 1a). This
cultivation cycle spanned from May to December 2022. Data for the
protected cultivation system was sourced from an operation, located in
Peristerona (altitude ca. 600 m), situated northwest of Nicosia (Fig. 1b).
The protected cultivation cycle spanned from August 2023 to April
2024.

The system boundaries include all in-field processes (irrigation, fer-
tiliser application and plant protection), while post-harvest processes
fall beyond the scope of the study and are assumed to be the same
regardless of the cultivation method (Fig. 2). During the cultivation
period, a mix of different fertilizers and pesticides was applied to
maintain plant growth while electricity was consumed by irrigation
pumps and smart farm management equipment.

Fig. 1. (a) Open-field cultivation at harvesting stage and (b) Protected cultivation at flowering stage.
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Fig. 2. System boundaries for the two examined scenarios. Market values were used as the characterisation factors of all resources used (fertilisers, pesticides, soil,
pots, irrigation and construction material, cover, pots). Such values consider both the impact of the production process of each resource and a typical transportation
impact. However, a separate consideration was made for plant delivery from the nursery located in The Netherlands (either via ship or plane) and transportation of
plant material via truck to the field, since the itinerary is different for each type of cultivation.

The functional unit (FU) is defined as the physical quantity that is
used to provide the reference to which all data in the system are
normalized and enables the comparison of the findings. In this study, the
FU was chosen to be 1 kg of fresh fruit produced (mass-based FU), which
is the most used unit for agricultural products (Pergola et al., 2017;
Vinyes et al., 2015).

2.2. Life cycle inventory (LCI)

The LCI was constructed using data from the two cultivation models
being compared and it was assumed they were representative of small
fruit cultivation in the greater area. To collect these data, a question-
naire was distributed to a local agronomist, and the responses were
processed and utilized accordingly.

The Life Cycle Inventory is illustrated in Table 2, using normalized
data per hectare (ha) of cultivated area. As far as the use of land is
concerned, the total number of hectares per farm was 0.2 hectares,
typical of small-scale farm holdings. However, the data provided in
Table 2 were normalised for 1 hectare of cultivated land. The data
presented are referring to the most recent agricultural year that con-
sisted of two individual cycles, from May 2022 to December 2022 and
from August 2023 to April 2024. The assumptions used for the formu-
lation of the inventory are presented in the following sections. It needs to
be noted that the quantities presented in the material section of Table 2
correspond to the annual equivalent value. For example, since the drip
emitters are replaced every five years, then the annual equivalent value
is one fifth of the total number of drip emitters used.

2.2.1. Plant sourcing and potting

Juvenile plants were initially propagated and grown in The
Netherlands. Each plant was provided as a fresh tray plant with healthy
leaves and roots (average root length 5 cm). Propagation and nursery
production are beyond the scope of this analysis, as these are not directly
related to the operation in Cyprus and are the same regardless of the
production system. The same cultivar (Kwanza®) and plant type were
planted in both locations but at different time points for each location.
Plantlets were transplanted into pots as soon as possible to avoid plant
stress. Specifically, for the open field, the tray plants were transported
by truck from The Netherlands to Greece and then from Greece to
Cyprus by ship, reaching the plot (Chandria, 1200 m altitude) by truck .
The tray plants were transplanted into 10 L pots in May 2022 and placed
in the open field (Fig. 3). This trip from The Netherlands to the field
takes about a week to complete. However, when planting takes place
during the summer, air freight is imperative due to weather conditions

so that the plants arrive within a day without being affected by the high
temperatures. Thus, for the protected cultivation scenario, the tray
plants were transported by airplane from The Netherlands to Cyprus
directly and then by truck to the plot (Peristerona) and were trans-
planted in 10 L pots in September 2023 under protected cultivation
conditions in a high-tunnel. In both cases, pot dimensions were 24.7 x
24.7 x 25.6 cm and were made of polypropylene.

2.2.2. Fertilizer and plant protection

Before planting, a space of 1.8 m between lines of plants was created,
while 4 pots were put in one linear meter. There was no ploughing,
tillage, harrowing, or hoeing because propylene ground cover of 50-100
pm was used under the pots to avoid weed emergence. Primocane yield
was determined at different periods of the year for each plot. In the
protected cultivation system (Peristerona), harvest was conducted
weekly from December 2023 until April 2024, while in the open field
system (Chandria) harvest was conducted every two days from October
to December 2022. Fertigation was carried out using a standard
drainage calculation that factored in retention of approximately 25 %
during the vegetative stage from pots after the irrigation interval of the
day. However, to avoid accumulation of salts from flowering to the end
of harvest, 35 % of drainage was applied (Ben Hadj Daoud et al. 2024).

Common practices including pest management through the uti-
lisation of a backpack mist blower and necessary weed and canopy
management were carried out manually. Irrigation and fertilisation
were conducted multiple times every day using a drip irrigation system.
Fertilisation was set using targeted Electrical Conductivity (EC) and pH
value was adjusted at 6. EC values fluctuated around 2 pS/cm during the
vegetative state, 1.6 pS/cm during flowering, and 1.4 pS/cm during
harvest. Crop management involved several treatments against pests
(five per year) and diseases (five per year) that were carried out by
operators equipped with a portable sprayer. Two alternative pesticides
were used, with active ingredients sulphur (70 %), natural pyrethrins (5
%), and flupyradifurone for the first one and copper for the second one.
Monopotassium phosphate (0-52-34), potassium sulphate (0-0-50),
potassium nitrate (13-0-36), calcium nitrate (15.5-0-0-26.5Ca) and
trace elements were used as solid fertilisers dissolved in 1000 L tanks
and injected at 1 % rate in each irrigation (Malghani et al., 2010). The
substrate used was a combination of coco peat (40 %), peat-moss (40 %)
and perlite (20 %). Fertilizer run-off was assumed to be 5 % for N (ni-
trates) and 2 % for P and K, (Song et al., 2023). No specific fertiliser
run-off data were collected in this study given the system used, drip
fertigation and there were no measurements from the field.
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Table 2

Life Cycle Inventory for the two raspberry cultivation methods in Cyprus, open-
field and protected cultivation. Data were collected from May to December 2022
and from August 2023 to April 2024, respectively.

Resource Unit Open- Protected-
field cultivation

Land ha 1 1

Plants Unit 18,200 18,200

Plants kg 3640 3640

Perlite kg 36,400 36,400

Coco peat kg 72,800 72,800

Peat moss kg 72,800 72,800

Transportation

Air transport of tray plants (NL to CY)  tkm N/A 10,920

Road transport of tray plants (NL to tkm 10,192 N/A
GR)

Ship transport of tray plants (GRtoCY)  tkm 3640 N/A

Road transport of tray plants (Internal ~ tkm 146 146
CY)

Material

Containers (Polypropylene) Unit 3640 3640

Containers (Polypropylene) kg 3640 3640

Irrigation Pipes (Polyvinyl chloride) m 910 910

Irrigation Pipes (Polyvinyl chloride) kg 364 364

Drip Emitters (Polyvinyl chloride) Unit 3280 3280

Drip Emitters (Polyvinyl chloride) kg 1640 1640

Ground Cover (Polypropylene) kg 250 250

High-tunnel Arches (Iron) kg N/A 8000

High-tunnel Material (Polyethylene) kg N/A 80

Fertilizers & Pesticides

P kg 108 96

K kg 324 288

N kg 216 192

Pesticides kg 198 158

Water and Energy

Electricity for irrigation kwh 19,980 3960

Diesel for irrigation L 250 200

Water for irrigation m® 52,998 17,666

Run-off Emissions

P kg 10.8 9.6

K kg 6.48 5.76

N kg 2.16 1.92

Products

Raspberries kg 6370 9100

2.2.3. Utilities and resources

For pumping purposes, electricity was used to operate a submersible
pump (Franklin Electric, Model n. 236 616 9061 at 50 Hz). Levelling/
terracing took place two times per year, each one before the beginning of
each cycle. Regarding water consumption, the values differ significantly
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for the two cultivation methods (Table 2). For pesticide application, it
was calculated that 250 L/ha of diesel were used in the open-field while
200 L/ha were used in protected cultivation. Regarding irrigation, PVC
pipelines provide water through the drippers with the boost of a sub-
mersible pump. It is estimated that 1640 emitters were required for 0.1
ha for both cultivation types. A gutter made of polypropylene, with 0.8
mm thickness and 150-600 mm wide was used in both production
scenarios.

The high tunnel consists of 7 arches in a row, with netting on the
side, while the front and back were closable with plastic and were sealed
during periods with winter frost risks. The arches are made of galvanised
iron, and consists of 6 m of DN50 pipes, 6 m of DN32 pipes and 6 m of
DN20 pipes. The total weight of the pipes is 40 tonnes. Each arch was 5.4
m wide, and the tunnel length was 42 m This means that the total area
covered by the high tunnel was 7 x 5.4 x 42 m or approximately 1600
m?. The peak of the arch was 3.5 m in height, so the plastic (poly-
ethylene) cover required is approximately 2300 m? or 400 kg, assuming
170 gsm for the high tunnel cover. The plastic cover and the pipes
require replacement every 5 years.

2.2.4. Background systems

Background systems in the ecoinvent database refer to the pre-
existing data and processes used in LCA to model the broader environ-
mental impacts of a product or service. These systems refer to the entire
supply chain, including the production of raw materials, energy, trans-
portation, and other inputs, providing comprehensive coverage of up-
stream and downstream activities. They rely on global (GLO) or regional
average data, ensuring consistency and standardization across LCA
studies. By connecting with the foreground system, i.e. the processes
directly under study, background systems offer a holistic view of envi-
ronmental impacts, essential for transparency, comparability, and
informed decision-making in LCA. Table 3 summarises all the back-
ground systems retrieved from the ecoinvent database for the modelling.
The Allocation at the Point of Substitution (APOS) factors were selected,
since these were the only ones available with the academic license.
However, since there the system studied does not involve multifunc-
tional processes, then the choice between Allocation at the Point of
Substitution (APOS) and Consequential (CONS) allocation does not have
a significant impact to the results.

2.3. Life cycle costing data

The Life Cycle Costing (LCC) methodology international standards
published in 2008 (ISO15686-5) define the general approach of an LCC

Fig. 3. (a) Rooted tray plant in 10 L pot with drip irrigation 15 days after planting (b) Raspberry canes 2 months after planting.
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Table 3

Background systems — emission factors (Source: ecoinvent database v3.7).

Resource

Emission Factor Reference

Containers
Ground cover
High-tunnel material

High-tunnel arches
Irrigation emmitters

Fertiliser

Pesticide

Perlite

Peat moss

Fertiliser application

Electricity
Diesel

Water

International
transportation (road)

National transportation
(road)

International
transportation (air)

International
transportation (sea)

Polypropylene, granulate {GLO}| market for | APOS, U
Polypropylene, granulate {GLO}| market for | APOS, U
Polyethylene, high density, granulate {GLO}| market for
| APOS, U

Pig iron {GLO}| market for | APOS, U
Polyvinylchloride, bulk polymerised {GLO}| market for
| APOS, U

Nitrogen fertiliser, as N {GLO}| market for | APOS, U
Phosphate fertiliser, as P205 {GLO} | market for | APOS,
U

Potassium fertiliser, as K20 {GLO}| market for | APOS,
18}

Pesticide, unspecified {GLO}| market for | APOS, U
Perlite {GLO}| market for | APOS, U

Peat moss {GLO}| market for | APOS, U

Application of plant protection product, by field sprayer
{RoW}| processing | APOS, U

Electricity, medium voltage {CY}| market for | APOS, U
Diesel {Europe without Switzerland}| market for |
APOS, U

Tap water {Europe without Switzerland}| market for |
APOS, U

Transport, freight, lorry 16-32 metric ton, euro5 {RER}|
market for transport, freight, lorry 16-32 metric ton,
EUROS | APOS, U

Transport, freight, lorry 3.5-7.5 metric ton, euro5
{RER}| market for transport, freight, lorry 3.5-7.5
metric ton, EURO5 | APOS, U

Transport, freight, aircraft, unspecified {GLO}| market
for transport, freight, aircraft, unspecified | APOS, U
Transport, freight, sea, container ship {GLO}| market
for transport, freight, sea, container ship | APOS, U

analysis. However, since there are no shared methodologies to perform
the analysis (Mohamad et al., 2014), for this study we have adopted an
ad hoc method, including the costs of the whole life cycle of raspberry
production “from cradle to gate”, following the “whole life costing”
method expressed by Gluch and Baumann (2004). The LCC analysis uses
the same functional unit and has the same system limitations that have
been considered in the LCA. Table 4 reports the purchase costs per unit
of raw materials, utilities, and chemicals that were used during the two
cultivation periods for each method. These have been collected by a
questionnaire that was distributed to local farms, and the average values
were utilised. For protected cultivation, there is an extra labour cost of 5
workers for two working weeks at 5 €/h.

3. Results and discussion
3.1. Environmental impact assessment
Fig. 4 presents the environmental impact of the two raspberry

cultivation methods in Cyprus. Protected cultivation led to an improved
environmental performance, reduced by 49.6 % compared to open-field

Table 4
Purchase cost of resources for open-field and protected cultivation using high
tunnels of raspberries in Cyprus.

Resource Price Unit
Raspberry plants 2 €/unit
Containers 2.5 €/unit
Substrate 0.09 €/kg
High-tunnel cover 0.8 €/m?
Nozzles and tubes 2.5 €/m?
Pesticides 300 €/kg
Fertilisers 0.5 €/kg
Water 0.45 €/m®
Electricity 0.2 €/kWh
Diesel 1.7 €/L
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cultivation. More specifically, the environmental footprint of protected
cultivation was at 3.7 mPt per kg of raspberry produced, whereas the
environmental footprint of open-field cultivation was 7.4 mPt per kg of
raspberry produced.

Furthermore, protected cultivation was superior in all 17 indicators.
Among all 17 indicators, land use and water use were the most dominant
components, followed by resource usage (fossil fuels) and climate
change.

Table 5 presents the absolute values of these four indicators for the
two scenarios, expressed in physical units per kg of raspberry produced.
Water usage is the indicator with the highest relative improvement be-
tween the two types of cultivation (dropping from 0.361 m® to 0.085 m®
per kg of raspberry, thus improving by 76 %), which was anticipated
since the protected cultivation has significantly lower water demand.
The other three indicators are improved by 30 % (global warming po-
tential), 37 % (land use) and 33 % (fossil fuel depletion) and are the
main responsible factors for the superior performance of protected
cultivation.

Fig. 5 illustrates the same results with a different point of view. The
overall environmental footprint (expressed in ecopoints per cultivated
hectare) is broken down into the different resource types contributing to
it. This allows for the identification of environmental hotspots among
the two cultivation methods. While the material and the transportation
impacts are increased (the latter almost doubled) for the protected
cultivation scenario, due to high tunnel material and the air trans-
portation of the plants respectively, their relative importance is very
small compared to the impact of water, fertilisers and soil used (in that
order). Although the substrate impact is the same for both scenarios, the
water and the plant protection contributions are significantly reduced,
leading to an overall improved environmental performance for the
protected cultivation method. These results agree with the findings by
Foster et al. (2015) and Valiente et al. (2019), who identified the water
footprint and the use of fertilisers as the main factors that contribute to
the overall environmental impact of raspberry cultivation. Similarly,
Vasquez-Ibarra et al. (2021) underscored the crucial role of irrigation
systems, cultivation support, and coverings to the overall environmental
impact.

3.1.1. Impact of rainfall

Since water is the most critical resource affecting the environmental
performance, one environmental factor that could potentially improve
the performance of open field cultivation is the rainfall. The previous
scenarios have assumed that the open-field water requirements are fully
covered by irrigation. This assumption is based on the fact that during
the cultivation period of the open field system there is no significant
rainfall and supplemental irrigation is necessary. Rainfall for the open
field cultivation in the mountains occurs only between November and
May, so the only months that can be affected are November and
December. Even if we consider the extreme, where the entire water re-
quirements for 2 months are satisfied by rainfall, the overall environ-
mental footprint of open-field cultivation will drop to 6.4 mPt per kg of
raspberry produced, which is still significantly higher compared to the
environmental footprint of protected cultivation (3.5 mPt per kg of
raspberry produced).

3.2. Economic analysis

Based on the price of the resources and utilities (Table 4) and the life
cycle inventory (Table 2), the cost breakdown of the compared rasp-
berry cultivation methods is presented in Table 6. The fact that certain
resources need to be replaced after a certain time period is also
considered. The results reveal that the life cycle cost of protected
cultivation is 37.8 % lower compared to the open-field production (14.0
€/kg for the high-tunnel compared to 22.5 €/kg for the open-field). Even
though the total annual expenses are similar for the type of cultivation
(127,262 € for protected cultivation and 143,341 € for open-field), the
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Fig. 4. Environmental impact assessment for the two cultivation methods, open-field and protected cultivation using high tunnels in Cyprus (expressed in mPt per kg
of raspberry produced).
Table 5 and other small fruit growers, mostly located in the mountainous and
able

Selected midpoint impact indicators for the two cultivation methods, open-field
and protected cultivation using high tunnels in Cyprus (expressed in unit per kg
of raspberry produced).

Indicator Open-field cultivation Protected cultivation Unit

GWP 0.037 0.026 kg COz eq
LU 25.118 15.724 Pt

WDP 0.361 0.085 m® depriv.
ADPF 0.498 0.336 MJ

critical factor here is the improved yield and water use efficiency for
protected cultivation.

4. Conclusions and further perspectives

Currently in Cyprus, there is a relatively small number of raspberry

50
45
40
35
30
25
20
15

10

Environmental Impact (in Pt per ha)

(&)]

Open-field Cultivation

more temperate parts of the island, even though the different meso-
climates can be considered appropriate for year-round production. This
is mainly due to the lack of knowledge and risk-adverse nature of
farmers, as they are concerned about the costs of introducing new cul-
tivars and cultivation methods. Additionally, concerns over economic
losses due to environmental factors, including heat stress during the
summer period or heavy rains during winter, are important factors
influencing farmers choice to use the mountainous areas for production.
Moreover, small-scale enterprises in the agricultural sector in Cyprus
and worldwide lack specialised and scientific guidance to make
evidence-based decisions that would enable them to flourish (Bechtsis
et al., 2022; Kasimati et al., 2024).

The selection of plant material, planting period, and cultivation
method between protected cultivation in poly tunnels and open-field
depends on various factors like the local climate, the availability of
human resources, and market demand. While open-field cultivation is

Protected Cultivation

m Substrate ®Plant Protection ® Material ®m Water ®m Energy = Transportation ®Emissions

Fig. 5. Environmental hotspots for the two cultivation methods, open-field and protected cultivation using high tunnels in Cyprus (expressed in mPt per ha of

cultivated area) for open-field and protected cultivation in high-tunnels in Cyprus.
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Table 6
Overall cost analysis for open-field and protected raspberry cultivation methods
using high tunnels in Cyprus.

Resource Price Change Open- Protected
every field cultivation
Ground cover 8000 €/ha 5 year 1600 1600
High-tunnel 13,600 €/ha 5 year O 2720
cover
Nozzle/tubes 25,000 €/ha 5 year 5000 5000
Plants 2 €/unit 1 year 36,400 36,400
Pots 2.5 €/unit 5 year 9100 9100
Substrate 0.09 €/L 1 year 16,380 16,380
Electricity 0.2 €/kWh 1 year 3996 792
Water 0.15 €/m? 1 year 7950 2650
Diesel 1.7 €/L 1 year 425 340
Pesticides 300 €/L 1 year 59,250 47,400
Fertilisers 0.50 €/kg 1 year 3240 2880
Labour 5 €/h 1 year O 2000
Total Cost (€) 143,341 127,262
Yield (kg) 6370 9100
Cost per kg (€/kg) 22.5 14.0

believed to be suitable for a more concentrated, cost-efficient harvest,
protected cultivation with high tunnels has the potential for higher
yields, with improved water use efficiency, while extending the rasp-
berry harvest season throughout the year which in turn may allow
growers to sell their fruits to the market during the “off season” for a
premium. The careful selection of cultivation methods holds the po-
tential to mitigate the adverse impacts of climate change for small fruit
cultivation in Cyprus while still maintaining on-farm profitability. By
embracing innovative solutions, farmers may not only adapt to the
changing environment but also secure their economic prosperity in the
years to come.

Our analysis has revealed that complementing or replacing tradi-
tional open-field cultivation in the mountains with protected cultivation
using plastic high tunnels on the plains will have a lower environmental
impact while being more financially profitable for the farmer. More
specifically, protected cultivation will have a 49.6 % lower total envi-
ronmental footprint. Additionally, the yield in protected cultivation is
43 % higher than open-field cultivation resulting to greater profit
margin for growers. More importantly, the amount of water used is 4-
times less in protected cultivation, subsequently limiting the elec-
tricity costs of the production. This is a very critical point for Cyprus,
since water usage is crucial for sustainable production, especially in
areas with water scarcity issues (Dale, 2012; Jain and Janakiram, 2016).

In addition to higher yield efficiency, water use if more effective due
to lower evapotranspiration losses. The raspberry cultivar Kwanza is
cultivated globally with an observed yield of 1.5 to 2.5 kg per plant in a
climate-controlled Dutch Glasshouse (Herckens et al., 2019), while a
yield of 1.8 to 2.4 kg per plants has been observed under Californian
Mediterranean Climate (Daugovish et al., 2021). The variations are due
to the planting density, planting date and the local mesoclimate. The
literature agrees with our findings that Kwanza is more suited to a
protected environment, rather than open field, since it allows higher
precision in climate and irrigation management, higher yield and less
water usage.

The life cycle production cost for 1 kg of raspberries is 37.8 % lower
for the protected cultivation compared to open field. Higher profitability
is achieved from off-season as well as limited operational costs, despite
the increased start-up and worker costs which can be depreciated and
managed more efficiently. It must be noted though that the production
cost per kg is still relatively high compared to other European countries
where fresh raspberries are sold around 16 € per kg. The remote nature
of the island of Cyprus, with no road interconnections to mainland, re-
sults to significantly higher resource and energy prices (on average 30 %
higher than in Europe), as it can be observed in Table 5. This also means
that imported raspberries, although they may arrive in Cyprus in bad
shape, are still sold at higher prices compared to the rest of the Europe
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(at approximately 21-22 € per kg). Additionally, the yield of each plant
for the conventional cultivation techniques is relatively low, resulting in
high operational labour cost to harvest. For example, harvesting effi-
ciency in Europe is 4-6 € per hour per person while in Cyprus it is no
more than 2 € per hour per person. Thus, the initial focus of the local
farmers is to compete with the imported berries.

The local production of raspberries in protected cultivation using
high tunnels in Cyprus (not only in the plains, but potentially in the
mountains) can also have a lower environmental footprint, compared to
imported fruits from other countries. Also, more heat-tolerant and short-
cycle crops can be used as an alternative when raspberries are not being
produced and buffer against plastic environmental footprint. Recycling
of used tunnel plastic at the end of its useable life will also lessen the
environmental impact of protected cultivation.

In terms of the limitations of our study, the analysis is performed on a
cradle-to-gate basis (from the acquisition of nursery plants until the
raspberries leave the gate of the field at the end of their productive
lifespan), and the Life Cycle Inventory is populated using real data for
the years 2022, 2023 and 2024, collected from two farms located on the
island of Cyprus. One main limiting factor is that these values encompass
data from only one primocane harvest cycle (8-month duration), which
may not reflect conditions over a longer term due to year-to-year vari-
ations. A wider sample, either for multiple harvesting cycles, from
multiple farms in Cyprus and abroad would be an appropriate next step
to validate the results. Moreover, the use of data from questionnaires
(sourced in their majority from utilities/suppliers’ bills and smart me-
ters on the field) may offer a very realistic and representative view of the
problem but does not allow a complete understanding of the relationship
between different factors and their potential further improvement of the
situation. Thus, a model of the cultivation systems could be developed,
relating irrigation, fertilisation, choice of substrate mixture in pots, and
other pre-harvest factors on field activities with the expected raspberry
yield, to enable us to analyse alternative scenarios.
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ARTICLE INFO ABSTRACT

Keywords: Strawberry (Fragaria x ananassa Duch.) is a highly perishable crop with limited market life. The aim of our work
Fragaria x ananassa was to dissect the efficacy of an array of molecules with potential priming effect on postharvest performance,
Chitosan

antioxidant potential and aroma profile of strawberry fruit. Freshly harvested fruit (cv. ‘Savana’) of uniform size
and ripening stage (commercial ripeness >80 % of the surface red color) were subjected to the following
postharvest dip treatments: control (untreated), hydro-primed, NOSH-A, chitosan (CTS) and sodium alginate
(NaA). NOSH-A is a proprietary priming agent that acts as a donor that releases nitric oxide (NO), hydrogen
sulfide (H2S), and aspirin (acetylsalicylic acid) concurrently. CTS is a biobased, biologically safe and biode-
gradable polymer that has been exploited as a nanocarrier to efficiently deliver an array of compounds, while
NaA is another biodegradable polymer applied in smart nano-delivery systems. Treated fruit were subjected to 4,
8 and 12 d of cold storage (CS, 4 °C, 90 % RH) and additional maintenance at room temperature for 1 d to
simulate short, medium and extended refrigerated storage, respectively. Quality attributes and fungal incidence
and severity were determined, without any striking differences among the treatments applied. Polyphenolic
compounds analysis by HPLC-DAD-ESI-MS/MS showed an increment in an array of phytochemical compounds
such as ellagic acid, pelargonidin-3-glucoside, pelargonidin-3-rutinoside, and catechin, particularly after 8 days
CS compared to fleshly harvested fruit. Such changes were more evident when the priming agent NOSH-A was
applied, being more pronounced in the case of pedunculagin 2 isomer that registered a significant increment. HS-
SPME-GC analysis identified 140 unique volatile organic compounds (VOCs) with chitosan-treated strawberries
showing the most distinct VOC profile after extended cold storage with higher contents of methyl hexanoate.
Results reported herein shed light in the efficacy of an array of agents on parameters linked to secondary
metabolism of strawberry fruit at postharvest level.

Alginate
Phytochemicals
Phenolic acids
Cold storage

1. Introduction to its appealing appearance and high nutritional profile and phyto-
chemical content (El-Mogy et al., 2019; Manganaris et al., 2014).

Strawberry (Fragaria x ananassa Duch.) is a delicate fruit crop with a However, strawberry fruit suffers from limited storage potential leading
considerable growth in terms of production volumes, mainly attributed to spoilage and reduced marketability (Sun et al., 2022). Noteworthy,
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postharvest losses can reach up to 50 %, exacerbated by fungal diseases
and sensitivity to mechanical damage, and thus significantly impacting
the economic returns for producers (Moghadas et al., 2025) Towards
preservation of strawberry quality and nutritional value after harvest, an
array of postharvest strategies including compounds with hormonal
activity (i.e. salicylic acid, abscisic acid, methyl jasmonate) has been
also tested (Darwish et al., 2021).

Coatings have been reported as cost-effective and environmentally
friendly solutions towards preservation of fruit quality (Adiletta et al.,
2021; Guimaraes et al., 2018); they create a continuous, thin layer of
edible substances, such as polysaccharides, lipids and proteins used
alone or in blends, on the fruit surface by spraying or dipping them and
obtaining single or double layers (Suhag et al., 2020). Such coatings are
usually composed of biodegradable and biocompatible materials that
are "generally recognized as safe" (GRAS) or recognized as food additives
by the Food and Drug Administration (FDA) or the European Union
(Ncama et al., 2018). Coatings form a physical protective barrier be-
tween the fruit and the environment (Jongsri et al., 2016) and alter
respiration and transpiration, thus slowing down the ripening and/or
softening process (Maringgal et al., 2020). At the same time, coatings
may contribute to the protection against mechanical damages, micro-
biological infestations, tissue softening and enzymatic browning, with
special reference to fresh-cut commodities (Oms-Oliu et al., 2010).

The most commonly used polysaccharides are cellulose derivatives,
alginates starches, pectin, pullulan, carrageenan and chitosan. Among
them, chitosan (CTS)-based coatings are considered to be the best ECs,
with non-toxic, biodegradability, and antimicrobial actions and with a
wide use in several horticultural commodities (Petriccione et al., 2014).
CTS is a deacetylated derivative of chitin, the second most
abundant renewable biopolymer in nature; it is a linear polysaccharide
composed of p-(1,4)-linked glucosamine units (2-amino-2--
deoxy-p-d-glucopyranose) together with some quantities of N-acetyl-
glucosamine units (2-acetamino-2-deoxy-p-d-glucopyranose) and is
present in green algae, the exoskeletons of arthropods and the cell walls
of fungi and yeasts (De Queiroz Antonino et al., 2017).

Alginate (Alg) is also a linear copolymer, commonly produced by
seaweeds (brown algae) and is structured by (1 — 4)-linked-a-L-gulur-
onate and (1 — 4)-linked-p-D-mannuronate moieties (Nair et al., 2020),
widely used as an edible coating for the preservation of fruits and veg-
etables (Gohari et al., 2024). It is known as a hydrophilic biopolymer
capable of forming transparent, uniform, water soluble and high-quality
films (Mahcene et al., 2020). Sodium alginate (NaA) is the most common
salt of alginate, with excellent colloidal properties, characterised by high
degree of reactivity with many metal cations that leads to the formation
of gels or insoluble polymers (Jiang et al., 2013).

Biodegradable polymers are extensively being tested as a sustain-
able, alternative to traditional non-biodegradable materials, postharvest
treatment on strawberry fruits, showing promising results in maintain-
ing the freshness extending the shelf-life (Bahmani et al., 2024). The
nanoencapsulation-based coatings showed promising results in extend-
ing the shelf life of fresh produce (Neethirajan & Jayas, 2011). A
nano-coating can contain bioactive compounds in the form of nano-
particles, that due to their improved mechanical properties, have greater
chemical reactivity and more bioactivity than conventional particles
(Neethirajan & Jayas, 2011). In fact, positive effects on shelf-life
extension and/or quality maintenance, after the application of CTS
nano-coatings enriched with nanomaterials, essential oils, or antimi-
crobial agents, have been reported in a considerable number of studies
dealing with strawberry (Huang et al., 2022; Lin et al., 2020; Nguyen
et al., 2020; Robledo et al., 2018). The use of alginate nano-coatings
have also shown a positive effect on strawberry (Dhital et al., 2018;
Emamifar & Bavaisi, 2020; Liu et al., 2021). However, each polymer
type has unique mechanisms and benefits, making them suitable for
various applications in the food industry. The selection of polymer de-
pends on the cultivar properties and scope in terms of storage potential
(i.e. destined for exportation).

The priming agents have received considerable attention over the
recent years in order to ameliorate plant response under adverse con-
ditions with however limited information available when they are
directly applied in the fruit. The exploitation of non-toxic synthetic and
natural priming agents towards sustainably-sourced and environmen-
tally sound products has recently received considerable attention. In the
current study we aimed to dissect the efficacy of a novel priming agent
(NOSH-A) at postharvest level. NOSH-A acts as a donor that releases
nitric oxide (NO), hydrogen sulfide (H2S), and aspirin (acetylsalicylic
acid) concurrently; it was initially formulated as an anticancer drug but
it also displays protective effects against abiotic stress conditions in
plants (Antoniou et al. 2020; Gohari et al. 2024). The simultaneous
donation of multiple signal/hormonal molecules renders it an attractive
candidate of multifunctional priming, whereby multiple benefits can be
achieved through the synergistic activity of different agents. However,
no data on its use to combat postharvest abiotic conditions as cold
storage have been reported. To this end, our study aimed to evaluate the
effect of postharvest dip treatments with either NOSH-A along with two
biodegreadble polymers (chitosan and sodium alginate) on quality at-
tributes, volatilome fingerprinting and phytochemical properties of
strawberry fruit.

2. Materials and methods
2.1. Fruit material and treatment application

Strawberry fruit of cultivar ‘Savana’ was used for the needs of the
current study. ‘Savana’ is a rustic and highly productive strawberry
variety that allows early production that can be marketed for a pre-
mium, covering ‘low supply’ periods. Fruits of uniform size and ripening
stage (commercial ripeness >80 % of the surface red color and without
any softness symptoms), were hand-harvested and immediately trans-
ferred to the laboratory. After removal of defective fruit, they were
separated into 15 lots of 60 fruit each. Each three lots were subjected to
immersion with the following postharvest treatments: (1) control (un-
treated), (2) hydro-primed, (3) NOSH-A (50 pmol LY, (4) chitosan
(CTS, 0.1 g 100 mL™Y), (5) sodium alginate, (NaA, 0.1 g 100 mL ™). In all
cases, solutions were freshly prepared and 0.1 mL 100 mL~! Tween20
was added as surfactant. Fruit were immersed in the treatment solutions
for 10 min, then kept for drying for 30 min at room temperature and
subsequently transferred to cold storage (4 °C, 90 % RH) with each lot
being kept in a covered punnet. Fruit were maintained at cold storage for
4, 8 and 12 d, respectively and were analyzed after additional mainte-
nance at room temperature (20 °C) for an additional day (4 + 1,8 + 1,
12 + 1). For biological/enzymatic analyses, the fruit were immediately
flash frozen in liquid nitrogen, and stored at —80 °C until needed. For the
determination of polyphenolic compound analysis, samples were freeze-
dried (Freeze Dryer-Christ Alpha 1-4 LD plus).

2.2. Quality attributes

Fruit weight was measured using 20 fruit per treatment and storage
condition applied and accordingly weight loss was determined. Soluble
solid content (SSC) and titratable acidity (TA) were measured in fruit
juice isolated using a professional juicer. SSC was quantified with a
refractometer (Atago, PR-32a, Japan) and results expressed as °Brix. TA
was determined with the use of an automatic multiple positions titrator
(862 Compact Titrosampler, Metrohm AG, Switzerland). Briefly for each
measurement, 5 mL of diluted juice in 45 mL distilled H,O was used for
titrating 0.1 mol L™ NaOH to a pH end point of 8.1. Results were
expressed as g citric acid 100 mL~. Ripening index (RI) was calculated
as the SSC/TA ratio. Strawberry samples (0.3 g) were extracted with 10
mL of 80 % v/v ethanol and sugars [total soluble sugars (TSS), sucrose,
glucose, and fructose] were determined spectrophotometrically as
described elsewhere (Hadjipieri et al., 2020).
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2.3. Aroma profile

The volatilome fingerprinting of juiced strawberry samples using
using HS-SPME-GC-MS was adapted from Vandendriessche et al. (2013).
In short, fruit were cut and blended with 1.0 M NaCl (0.5 mL: 1 g),
snap-frozen in liquid N and stored at —80 °C until needed. After over-
night thawing at 4 °C, 5 g of the juice mixture was transferred into a 20
mL headspace (HS) vial (Filter Service, Belgium). Prior to solid phase
micro extraction (SPME), the samples were incubated for 35 min at 40
°C on a heated tray to populate the headspace with VOCs. The volatiles
were extracted by exposing an SPME fiber (DVB/CAR/PDMS, 50/30 mm
film thickness; Supelco Inc., USA) to the headspace for 30 min at 40 °C.
After extraction, aroma compounds were thermally desorbed into the
injector set to 250 °C and equipped with an SPME liner (0.75 i.d.,
Supelco Inc., USA). Separation was conducted on a 30 m x 250 pm X
0.250 pm HP-5MS column (Agilent Technologies), using helium as
carrier gas. The data were evaluated using MassHunter Workstation
(Unknowns Analysis v10.1, Agilent Technologies) and the volatile
compounds listed in Supplementary Table 1 were identified with the
NIST 2020 database (NIST20, USA). Analyses were performed on three
biological replicates per treatment.

2.4. Phytochemical analysis

Phenolic compounds were extracted following the procedure of
Shehata et al. (2020) and spectrophotometrically determined at 765 nm.
Analysis were conducted in triplicate and the results were expressed as
mg gallic acid equivalents (GAE) 100 g~ ! of fresh weight (FW).

Total anthocyanin content was extracted from the samples following
the procedure of Bal and Uriin (2020) and its concentration was calcu-
lated as pelargonidin equivalents and expressed on a fresh weight base
as mg 100 g~ . Total flavonoid content was estimated from the samples
following the procedure of Meyers et al. (2003) and results were
expressed on a fresh weight base as mg 100 g~* quercetin equivalents.
Ascorbic acid (AsA) assay was performed as described by Georgiadou
et al. (2018) and results expressed as mg 100 g~! FW.

The polyphenolic compound analysis by HPLC-DAD-ESI-MS/MS was
performed according to Salazar-Orbea et al. (2022). One hundred mg of
lyophilized samples were extracted with 1 mL of methanol/water/acetic
acid (70:29:1, v/v/v). The samples were homogenized in a vortex for 1
min and then sonicated for 30 min at room temperature. Samples were
then centrifuged for 15 min at 20000 g at 10 °C (Thermo Scientific ™
Sorvall™ ST 16, Germany). The supernatant was filtered through a 0.22
pm PVDF filter and analyzed by triplicate. Phenolics identification and
quantification were carried out on an Agilent 1100 HPLC system
equipped with a photodiode array detector (G1315D) and coupled in
series to an HCT Ultra Bruker Daltonics ion trap mass spectrometer
through an electrospray ionization (ESD) interface
HPLC-DAD-ESI-MS/MS. The chromatographic separation was per-
formed using a Poroshell 120 EC column (3 x 100 mm, 2.7 pm) from
Agilent Technologies (Waldbronn, Germany). Phenolic compounds were
identified by their UV spectra, retention time, molecular weight, and
MS/MS fragmentation pattern. Phenolic compounds quantification was
performed using the authentic standards of castalagin (280 nm), cate-
chin (280 nm) p-coumaric acid (320 nm), pelargonidin (520 nm), ellagic
acid (360 nm) and quercetin (360 nm) to quantify ellagitannins,
flavan-3-ols, hydroxycinnamic acids, anthocyanins, ellagic acid conju-
gates and flavonols respectively.

2.5. Polyamine content

The levels of free putrescine (Put), spermidine (Spd) and spermine
(Spm) were determined by high-performance liquid chromatography
(HPLC) separation of dansyl derivatives, as analytically described in
Marcé et al. (1995). Analyses were performed on three biological rep-
licates per treatment.

2.6. Polyphenol oxidase (PPO) activity

PPO extraction was based on the methodology described in Alegria
et al. (2016) with slight modifications. In brief, PPO was extracted from
strawberry tissues (0.4 g) adding 1.5 mL of cold phosphate buffer (0.1
mol L™}, pH 6.5) and 0.04 g of polyvinylpyrrolidone. Next, samples were
vortexed for 1 min and centrifuged at 20.000xg for 30 min at 4 °C.
During the entire process, samples were kept in an ice-bath to prevent
protein denaturation. PPO activity was assayed spectrophotometrically
measuring the catechol oxidation rate at 420 nm for 1 min (TECAN,
Infinite 200® PRO). The reaction mixture was adapted to 96-well
microplate with 10 pL of enzymatic extract and 290 pL of catechol
(0.05 M). Results were expressed as U mg’1 fresh weight (FW).

2.7. Cellular damage indicators

Malondialdehyde (MDA) content resulting from the thiobarbituric
acid (TBA) reaction was estimated to determine lipid peroxidation
(Filippou et al., 2011). The MDA content was measured at 532 and 600
nm and was estimated using the Lambert-Beer law, with extinction co-
efficient of 155 mmol ! L cm™! and expressed as nmol g ! fresh weight
(FW).

Hydrogen peroxide (HO») content was calculated spectrophoto-
metrically based on the oxidation of iodide (I-1) to iodine (I), after its
reaction with potassium iodide (KI), using the procedure described by
Loreto and Velikova (2001). The content of HyO5 was measured at 390
nm and was estimated based on a standard curve of known concentra-
tions of Hy0, (umol g’1 FW).

2.8. Severity index and fungal incidence of strawberry fruit

Fungal incidence due to Bortytis cinerea infection was determined by
the percentage of strawberries exhibiting visible signs of fungal
contamination relative to the total number (n = 24) of fruit in each
treatment after 12 d of cold storage and additional maintenance at room
temperature for 1 d and 4 d, respectively. The infection severity was
determined by a diagrammatic scale (Fig. 1) that was developed in
accordance with a relevant study by Filippi et al. (2021) with scores
from O (no visible infection) to 7 (rotten). The scores from all fruit in
each treatment were summed to generate the cumulative severity index.
Higher cumulative scores reflected to more severe fungal contamination
across the sample set.

2.9. Statistical analysis

Statistical analysis was carried out for quality attributes using the
software package SPSS v25.0 (SPSS Inc., Chicago, IL, United States). The
comparison of averages of each treatment was carried out using One-
way Anova analysis followed by Duncan’s multiple range test at sig-
nificance level 5 % (p < 0.05). For biochemical and phytochemical
analysis, both statistical analysis (one-way ANOVA analysis was con-
ducted including Tukey’s-HSD post hoc test (p < 0.05) and figures were
conducted using GraphPad version 10.4.1 (GraphPad Software, San
Diego, CA, USA).

For the VOC-data, multivariate statistical analysis, PCA, PLS and
variable selection using Jack-knifing, was conducted using the Un-
scrambler X (CAMO, Norway). Specific VOCs one-way ANOVA analysis
was conducted including Tukey’s-HSD post hoc test (p < 0.05) using
JMP-Pro (v17, SAS Institute Inc., Cary, NC).

With reference to severity index of fungal diseases, a non-parametric
test (Kruskal-Wallis; p < 0.05) was performed to assess differences in
infection severity among the treatment groups followed by pairwise
Mann-Whitney U test (p < 0.05) comparing each treatment against the
untreated group.
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0-05

no infection / infection
only in the stem (0%)

5% 10% 20%

40% 60% 80% Rotten (100%)

Fig. 1. Diagrammatic scale for the severity of infection (0-7) of fungal spoilage in strawberry fruits and the corresponding percentage (%) of coverage. The scale was

developed based on a relevant study by Filippi et al. (2021).

3. Results and discussion
3.1. Quality attributes

A gradual increase of weight loss in all treatments applied, being
higher than the threshold of 5 % after 6-8 d of cold storage, was
monitored. The treatment of strawberries with water (hydroprimed)
prior to storage showed a negative effect compared with control, while
none of the agents applied showed any striking difference in terms of
controlling weight losses (Supplementary Figure 1). Weight loss is a key
parameter that defines both quantitative and qualitative (i.e shrivelling)
losses of strawberry fruit during cold storage. As a non-climacteric fruit,
strawberries must be harvested at the fully mature stage to obtain the
best visual and nutritional quality, resulting in high fruit losses during
refrigerated storage. Chitosan-based coatings have been reported to
prolong the shelf-life of several fruits and fresh-cut commmodities
(Adiletta et al., 2021), including strawberries (Robledo et al., 2018) by
slowing down the weight loss and at the same time safeguarding vitamin

Table 1

content (i.e. ascorbic acid) and antioxidant capacity during cold storage
(Pagliarulo et al., 2016). Results reported herein showed that weight
losses were not reduced when the agents tested were applied. Among the
formulations examined, a reduction in weight loss in CTS-treated
strawberries as compared with NOSH-A- and NaA-treated fruits was
registered. Higher losses in hydroprimed versus untreated strawberries
was also monitored, indicating a negative effect due to immersion.
Harvested strawberries had an average SSC content of 8.3 % that is
considered well above the threshold that defines a strawberry as of high
quality in terms of taste (Table 1). The SSC contents after removal from
cold storage and additional maintenance at room temperature for 1 day
was in the range 7.6-8.6 % for all storage treatments and durations
applied. Cold storage generally leads to a decrease in the soluble solids
content of strawberries, although the extent of this decrease can vary
based on factors such as cultivar, storage conditions, and specific
treatments applied. In the current study, lower values after 12 d CS were
not statistically signifcant. On the other hand, titratable acidity showed
some alterations among different storage treatments, yet no specific

Effect of storage duration® and postharvest treatment” applied on the soluble solids content (SSC), titratable acidity (TA), and ripening index (RI=SSC/TA) of

strawberry fruits.

Storage SSC (°Brix) (%)

Untreated Hydroprimed NOSH-A CTS NaA
Harvest 8.33 £0.11
4dCL+1dSL 8.10+0.23a 8.43+0.35a 8.57+0.42a 8.25+0.33a 8.37+0.20a
8dCL+1dSL 8.50 £+ 0.06 a 8.22 + 0.12 ab 7.98 +£0.21 b 8.08 = 0.16 ab 8.43 + 0.15 ab
12dCL+1dSL 8.37 £ 0.29a 7.85+0.20 a 7.98 £0.19a 7.58 £0.32a 7.60 + 0.26 a
Storage TA (g citric acid 100 mL™")

Untreated Hydroprimed NOSH-A CTS NaA
Harvest 0.97 + 0.03
4dCL+1dSL 0.98 + 0.07 ab 1.12 £ 0.07 a 0.80 = 0.07 b 1.05 £ 0.07 a 0.99 + 0.06 ab
8dCL+1dSL 0.94 £ 0.04 a 0.93 £0.09 a 0.98 £ 0.03 a 0.90 £ 0.02 a 0.99 £ 0.05a
12dCL+1dSL 0.82+0.02a 1.05+0.13a 0.92+0.10a 0.99 +£ 0.04 a 0.96 + 0.05 a
Storage RI (SSC/TA) (%)

Untreated Hydroprimed NOSH-A CTS NaA
Harvest 8.60 + 0.21
4dCL+1dSL 8.30 = 0.58 b 7.55+0.51b 10.84 £ 0.50 a 7.88 +£0.51 b 8.51 +£ 0.66 b
8dCL+1dSL 9.04 £ 0.38a 9.00 £ 0.83 a 8.18 £0.37 a 8.97 £ 0.07 a 8.54 +£0.37 a
12dCL+1dSL 10.21 £ 0.55 a 7.74 £ 095 a 8.81 £0.79a 7.75+0.63 a 8.02+0.73a

@ Cold storage (4 °C, 90 % RH) duration was 4, 8 and 12 d followed by an additional day maintenance at room temperature for (20 °C, 90 % RH).

b Fruits were subjected to the following postharvest treatments: (1) control (untreated), (2) hydro-primed, (3) NOSH-A (50 pmol Lt uM), (4) chitosan (CTS, 0.1 g
100 mL™Y), (5) sodium alginate, (NaA, 0.1 g 100 mL™Y). Values within each row (day of shelf-life) followed by the same letter are not statistically significant according

to Duncan’s multiple range test at significance level P < 0.05.
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pattern was recorded. Elevated acidity levels were monitored for the
treatments after 12 d cold storage plus one day shelf-life resulting in
higher ripening index for untreated fruit, potentially due to an advanced
senescencing processes. In general, coatings have been reported to
enhance quality attributes and sensorial properties (Maringgal et al.,
2020), yet this cannot be validated by the results reported herein.

The contents of sucrose, glucose and fructose, as well as the total
soluble sugars were additionally determined; in line with the SSC re-
sults, no statistically significant differences were observed among stor-
age treatments and durations applied (Fig. 2). Glucose is the
predominant sugar in strawberries, often found in higher concentrations
than fructose and sucrose (Basson et al., 2010). Although fructose is a
major sugar in strawberries, it is generally less prevalent than glucose
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(Lee et al., 2018). However, in the current study, fructose registered the
highest contents as also elsewhere indicated (Simkova et al., 2024).
Therefore, sugar contents appear to be a cultivar specific characteristic,
while our data confirm that sucrose is present in strawberries in lower
concentrations.

3.2. Volatile organic compounds

Using HS-SPME-GC-MS, 140 unique volatile organic compounds
(VOCs) were identified among samples from the various treatments and
storage durations (Supplementary Table 1). The compounds listed are in
line with what has been observed by other groups (reviewed in Ulrich
et al., 2018). While all fruit were harvested at a fully red ripe stage, over
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Fig. 2. Effect of storage duration and postharvest treatment applied on the contents of total soluble solids and individual sugars (sucrose, glucose, fructose) in
strawberry fruits (ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.) Fruits were subjected to the following postharvest treatments: (1)
control (untreated), (2) hydro-primed, (3) NOSH-A (50 50 pmol L™, (4) chitosan (CTS, 0.1 g 100 mL™Y), (5) sodium alginate, (NaA, 0.1 g 100 mL™b). Storage
duration was 4, 8 and 12 days at 4 °C, 90 % RH) and maintenance for an additional day at room temperature (20 °C).
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time the VOC profile still changed as can be observed from the principal
component analysis (PCA). Score plot of PCA visualising the shift in VOC
composition of the fruit’s aroma profiles within the first to principal
components sumarised 43 % of the VOC variation (Fig. 3A). The
scoreplot showed that the untreated fruit presented the largest changes
with time as represented by their arrow trajectories. Fruit treated with
CTS remained closest to their starting position indicating their VOC
profiles changed the least. The hydro-, NOSH-A and NaA-primed fruit
took intermediate positions, showing large overlap between their
replicate samples. In spite of these differences large similarities are still
present. Using a PLS on time, a total of 47 volatiles were identified as
being statistically significant contributors to explain time related
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Fig. 3. Multivariate analysis of the VOC patterns of primed strawberry fruit.
(A) Score plot of principal component analysis (PCA) visualising the shift in
VOC composition of the fruit’s aroma profiles. (B) Biplot of a partial least
square discriminant analysis (PLS-DA) applied to the data after 12 days cold
storage and additional maintenance at room temperature for 1 day to
discriminate CTS-treated fruit from the other treatments. The large symbols
represent the scores of the triplicate objects per treatment. The small symbols
represent the X-loadings of the individual VOCs with the labelled VOCs being
the five selected significant contributors to this PLS-DA model. The arrow
represents the Y-loading indicating the direction of CTS treated fruit.

changes in common between all treatments (Supplementary Table 1)
with a crossvalidation R? of 92 % (data not shown).

Based on the scoreplot from Fig. 3A, the largest differences in the
VOC profile can be expected at the end of cold storage (12 d) plus 1 day
SL. Therefore, a preliminary PLS-DA regression analysis on the 12 + 1
d data only, revealed that CTS-treated fruit was indeed most different
from the other treatments which, amongst them, could not be well
separated. Therefore, a final PLS-DA was performed contrasting, at 12 +
1 d, CTS treated fruit against all other treatments (Fig. 3B). This PLS-DA
calibration model, based on the first two latent variables (LV), used 30 %
of the variation in VOCs (21 % + 9 %) to discriminate with 95 % ac-
curacy CTS treated fruit from the other treatments (76 % + 19 %) and
resulted in the selection of five VOCs significantly contributing to this
PLS-DA model. In particular, methyl hexanoate (CAS 106-70-7), methyl
isovalerate (CAS 556-24-1) and linalool (CAS 78-70-6) were positively
correlated to CTS-treated fruit, while ethyl 2-(methylthio)acetate (CAS
4455-13-4) and 1-hexanol (CAS 111-27-3) were negatively correlated.
By using only these five VOC’s, a stable PLS-DA model was obtained
giving a crossvalidation R? of 66 % (data not shown). While a good
separation could be obtained based on this limited selection of VOCs,
only methyl hexanoate showed a statistically significant difference for
CTS treated fruit (Supplementary Figure 2).

Esters are the predominant compounds contributing to the charac-
teristic strawberry aroma, with significant contributions from terpe-
noids, furanones, and sulfur compounds (Abouelenein et al., 2023;
Zheng et al., 2023). Methyl hexanoate is one of the most abundant and
most frequently identified ester in strawberry (Ulrich et al., 2018) and
has been shown, after an initial increase, to decrease during storage of
ripe fruits (Li et al. 2021, Yan et al., 2024). Its significantly high value in
CTS treated fruit at 12 + 1 d suggests CTS might be inhibiting post-
harvest fruit senescence-related processes affecting their VOC profile.
Interestingly, other relevant studies on strawberry showcased that the
application of chitosan coatings can help maintain the aroma profile by
enhancing the levels of desirable esters and delaying the buildup of
off-flavors (Almenar et al, 2009; Perdones et al., 2016).

Overall, the observed similarities in VOC changing over time were
larger than the differences between treatments. Cold storage is used to
extend the shelf life of strawberries but can significantly alter their
aroma profile. Noteworthy, VOC profile of ‘Elsanta’ strawberries
differed between 4 or 8 °C of cold storage and additionally among fruit
harvested in different years, indicating that aroma change at harvest and
during storage is highly dependent on environmental factors during
growth (Baldwin et al., 2023).

3.3. Phytochemical composition

Total phenols and ascorbic acid content remained unaffected by the
agents and the storage duration applied (Fig. 4A and B). Marked dif-
ferences were visible after 4 d and 8 d of cold storage, for total antho-
cyanin and total flavonoids contents, respectively. After 4 d CS, NOSH-
A-treated strawberries were characteriszed by higher anthocyanin con-
tent, while NaA-treated fruits registered the highest flavonoid content
(Fig. 4C and D). Polyphenolic compounds analysis by HPLC-DAD-ESI-
MS/MS revealed that the strawberry samples contained a character-
istic phenolic compound profile, including ellagitannins and ellagic acid
conjugates [two pedunculagin (bis-hexahydroxydiphenoyl glucose)
isomers, ellagic acid and an ellagic acid pentoside and ellagic acid
rhamnoside], anthocyanins (pelargonidin 3-glucoside and 3-rutinoside),
flavan 3-ols (catechin) and proanthocyanidins (procyanidin B1), flavo-
nols (quercetin 3-glucuronide and kaempferol 3-glucuronide, 3-gluco-
side and 3-malonylglucoside), and hydroxycinnamic acid derivatives [p-
coumaroyl hexose (2 isomers) and feruloyl hexose] (Fig. 5). Such data
are in agreement with previous studies on strawberry phenolic com-
pounds (Buendia et al., 2010).

Noteworthy, polyphenolic compounds analysis by HPLC-DAD-ESI-
MS/MS showed an increment in an array of phytochemical
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Fig. 4. Effect of storage duration and postharvest treatment applied on the contents of total phenolics, reduced ascorbic acid, anthocyanins and flavonols in
strawberry fruits (ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.) Storage conditions and postharvest treatments are described
in Fig. 2.
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Fig. 5. Content of individual classes (ellagitanins, anthocyanins, flavan-3-ols,
proanthocyanidins, flavonols and xydroxycinnamic acids) of phenolic com-
pounds in strawberry fruits (ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** =
p < 0.001, **** = p < 0.0001).

compounds such as ellagic acid, pelargonidin-3-glucoside, pelargonidin-
3-rutinoside, and catechin after 8 days CS compared to fleshly harvested
fruit. Such changes were more evident when the priming agent NOSH-A
was applied, being more pronounced in the case of ellagitannins and
pedunculagin 2 isomer in particular that registered a significant incre-
ment. However, as a whole, the different agents applied did not show
significant changes in an array of key phytochemicals found in straw-
berry fruit when tested for the same storage conditions with few ex-
ceptions. Among agents tested, NOSH-A potential as ‘phytochemical
enhancer’ worths to be further tested in other postharvest experimental
set ups.

3.4. PPO activity

PPO activity presented significant changes among the agents applied
after 4 and 8 d CS and mainetance at room temperature for 1 d. At4 + 1
d, PPO activity in untreated-, hydroprimed-, CTS- and NaA-treated
strawberries was higher than NOSH-A-treated fruit presented the
lowest PPO activity (p < 0.001) after 4 d CS. A lower PPO activity (p <
0.05) in NOSH-A-treated fruit compared to CTS- and NaA-treated fruits
was also registered after 8 d CS (Fig. 6A). Phenols are secondary me-
tabolites with different roles in plants, primarily displaying antioxidant
function that helps plant to cope with oxidative stress induced by ROS
(Panahirad et al., 2020). PPO oxidizes phenols and additionaly causes
browning in fruits converting polyphenolic substrates to dark pigments
in the presence of oxygen (Panahirad et al., 2019). CTS-based coatings
have been reported to enhance phenolic content in strawberry (Wang &
Gao, 2013) and other crops, being used as nano carrier for delivery of
phenylanine (Gohari et al., 2021) and additionally cause reduced PPO
activity in litchi (Jiang et al., 2005). Results reported herein provide
insights that NOSH-A can be considered as a potential agent that can
enhance polyphenolic content at postharvest level (Figs. 5 and 6A).

3.5. Cellular damage indicators

MDA and H02 contents were not significantly affected neither by
the treatments nor the cold storage regimes applied (Fig. 6B and C).
MDA and H0; serve as oxidative stress markers. During postharvest
storage of fruits, oxidative stress can lead to an increase in HyO, levels.
This, in turn, promotes lipid peroxidation in cellular membranes,
resulting in elevated MDA levels (Aghdam & Bodbodak, 2013). Any
change in MDA and Hy0, over storage time might be a sign of extra
stress, i.e. cold storage in our study. In this regard, Bahmani et al. (2024)
reported that postharvest cold storage of strawberries at 4 °C for 12 d led
to cellular damage, as evidenced by elevated levels of stress markers
such as MDA and H,0> with fruit coatings using chitosan-functionalized
nanocomposites alleviating such symptoms and thus preserving fruit
quality under cold storage conditions. The same study indicated that
biodegradable polymers, namely chitosan and -chitosan-putrescine
nano-composites effectively preserve strawberry fruit by enhancing
their antioxidant capacity and scavenging free radicals. However, such
effects on CTS-treated strawberries of the current study experimental set
up were not observed.

3.6. Polyamine content

Putrescine (Put) contents showed differences after removal from 4
d cold storage; untreated fruit had higher Put content than hydroprimed-
, NaA- (p < 0.05) and CTS- (p < 0.01) ones; likewise, NOSH-A treatment
resulted in higher Put content than CTS treatment in fruit (p < 0.05).
Spm was significantly higher in untreated fruit than NaA (p < 0.05) after
8 d cold storage. Spd was not significantly affected for all storage du-
rations and treatments applied (Fig. 7).

Polyamines (PAs) are aliphatic nitrogenous bases with low molecular
weight, consisting of two or more amino groups and having potential
biological activity. The main polyamines in plants, are Put, Spd and Spm
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are described in Fig. 2.
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which are involved in the regulation of diverse physiological processes
(Sequera-Mutiozabal et al. 2017), while they are widely used in post-
harvest applications to prolong the shelf-life of perishable horticultural
crops (Pareek et al. 2018). Polyamines act as anti-senescence agents in
fruits by inducing ROS detoxification, leading to reduced colour
changes, increased fruit firmness, delayed ethylene and respiration rate
emissions, induced mechanical resistance and reduced chilling symp-
toms (Handa et al.,, 2018). Several studies have indicated that the
exogenous application of polyamines increases storage life and quality
attributes of several fruit crops, including strawberry fruit either alone
(Khosroshahi et al., 2007) or in combination with CTS (Bal & Uriin,
2020). Increasing polyamine contents enhances the stress tolerance via
reinforcement of antioxidative properties (Seo et al., 2019). Yet, in our
study, results showed that the agents applied had no significant effect on
polyamine metabolism; exception for some slight changes in Put and Spd
contents monitored afte 4 and 8 d CS, respectively that can be addi-
tionally attributed to fruit response to the applied treatments and tem-
perature changes.

3.7. Fungal incidence and severity index

The fungal incidence and severity were monitored on strawberry

fruit subjected to extended (12-d) CS. Results indicated that among the
priming agents applied, CTS-treated fruit had the lowest incidence and
severity (Fig. 8). These data can be linked with the fact that CTS-treated
fruit after extended cold storage had a distictive VOC profile that at
certain extent can affect postharvest fruit senescence-related processes
(Fig. 3). On the other hand, both NOSH-A and NaA, well known for their
enhanced performance under abiotic conditions, did not display marked
activity against fungal diseases. Interestingly, in another soft fruit crop
(blueberry), NaA coatings incorporating cyclolipopeptides from Bacillus
subtilis demonstrated potent antifungal properties, significantly
reducing fungal counts (Xu et al., 2020).

After additional maintenance at room temperature for 4 d, fungal
incidence increased across all treatments. The limited effectiviness of
NOSH-A and NaA at postharvest level suggests the need to explore the
association with other compounds or combinatory approaches with
antifungal agents. For instance, while NaA alone may primarily serve as
a barrier to moisture and gas exchange, its antifungal properties can be
significantly enhanced when combined with natural antimicrobial
agents (Janik et al., 2023).
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test (p < 0.05) for the D12 + 1.

4. Conclusions

Our aim was to dissect to what extent the use of biocompatible
polymers can be considered as an effective postharvest treatment to
enhance postharvest quality attributes with special reference to aroma
and phytochemical properties. Fruit treated with CTS remain closest to
their starting position indicating their VOC profiles changed the least.
Methyl hexanoate is one of the most abundant and most frequently
identified ester in strawberry; its significantly higher value in CTS-
treated fruit after extended cold storage (12 d) suggests that CTS
might be inhibiting postharvest fruit senescence-related processes that
can affect their VOC profile. HPLC-DAD-ESI-MS/MS showed an incre-
ment in an array of phytochemical compounds after cold storage
compared to fleshly harvested fruit. Noteworthy, the application of the
proprietary priming agent NOSH-A led to enhanced contents for some
phytochemical compounds and its potential use as ‘antioxidant potency
enhancer’ at postharvest level can be further dissected in future post-
harvest experiments. On the other side, no clear beneficial effects in
terms of qualitative attributes were observed of the agents applies.
Future attention could address whether other specific agents, with
known preharvest priming activity to combat abiotic stress conditions
such as drought and/or salinity, can be additionally exploited at a
postharvest storage level for other stress types, i.e. biotic stress condi-
tions linked to fungal resistance.
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Red raspberry (Rubus idaeus L) fruit has high nutritional value and there is an increasing demand in its global
cultivation, highlighting the need for sustainable practices to improve both fruit and plant productivity.
Chemical priming has recently gained attention as a sustainable horticultural crop management approach to
enhance plant performance. In the current study, the effects of multiple chemical priming agents were investi-
gated on their potential to improve yield efficiency, enhance antioxidant potential and fruit quality attributes,
with special reference to aroma of ‘Vica Abril’ raspberry plants. Treatments included: (1) NOSH-aspirin (NOSH-
A, 100 pM), (2) melatonin (Mel, 100 pM), (3) sodium alginate (NaA, 0.5 % w/v), (4) sodium alginate-melatonin
conjugate (NaA/Melatonin, 100 pM/0.5 % w/v), and (5) glycine-betaine (GB, 10 mM). Additionally, control
treatments included application of water (hydro-primed) and DMSO (0.1 % v/v) (solvent control for NOSH-A).
Treatment application was initially performed pre-planting at the root zone and subsequently at 27, 46 and 74
days after planting (DAP). Melatonin treatment significantly enhanced fruit yield, particularly during the early
harvests, while NOSH-A enhanced sucrose and ascorbic acid content and all priming agents increased total
flavonoid content. Treatments with NaA alone or in conjugated form with Mel led to a considerable increment of
kaempferol, several anthocyanins and ellagic acid derivatives, among the 13 polyphenolic compounds identified.
The analysis of volatile organic compounds (VOCs) in raspberry fruits identified a total of 98 distinct compounds.
Besides d-limonene content, no striking differences in aroma composition was monitored among treatments
tested. The application of priming agents, most promptly melatonin, is a promising technological approach that
needs to be further exploited towards increased crop productivity and/or enhanced raspberry fruit quality.

1. Introduction Noteworthy, the development of new-cultivar types, namely “true pri-

mocanes”, which do not have any chilling requirements to be produc-

High nutritional properties of red raspberry (Rubus idaeus L.) are
widely recognised in the horticultural sector that has led to an expo-
nential growth of its demand on global market. However, the cultivation
of raspberry is capital- and knowledge-intensive, requiring optimum
cultivation protocols (Manganaris et al., 2024). Advanced breeding
programs have led to the development of heat- and low-chilling tolerant
cultivars which can withstand an array of adverse climatic conditions.
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tive, have a significant positive impact towards year-round production.
Modern cultivars, are being tested in different meso-climates and can be
highly productive when combined with advanced production systems, i.
e. soilless production and plastic tunnels (Sgnsteby et al., 2013; Dem-
chak and Hanson, 2013). Despite recent advances, raspberry cultivation
is particularly vulnerable at exposure to high temperatures (>35 °C) that
poses a significant threat to plant productivity (S¢nsteby and Heide,
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2008). This is a particular challenge to Mediterranean climates, since
heat stress during developmental stages can affect flowering and hence
plant productivity and fruit quality. Heat-sensitive cultivars may pro-
long their vegetative stage until milder temperatures are present, while
in heat-tolerant cultivars, flowering is induced prematurely at early
developmental stages.

Plant priming has emerged as a promising approach to improve crop
resilience and combat negative impacts on crop productivity induced by
adverse environmental conditions. Priming refers to the physiological
memory of plants when being exposed to an environmental stressor
which triggers the induction of several metabolic and molecular path-
ways that allow them to respond more effectively upon exposure to
future stressors (Savvides et al., 2016; Guzman et al., 2022; Gohari et al.,
2024). Priming can be achieved using various natural or synthetic
compounds in small, non-toxic doses. Priming agents (PAs) are generally
recognized as safe, since they do not leave any harmful residues on fruits
and are naturally present. Furthermore, they have been shown to trigger
defense mechanisms against biotic and abiotic stress factors in an array
of agricultural commodities.

Chemical priming agents, like melatonin, are increasingly recognised
not only as antioxidant molecules, but as plant growth regulators, that
have the ability to up-regulate genes related to physiological plant re-
sponses to biotic and abiotic stress, thus acting as stress elicitors, while
also often leading to improvements in nutritional value of treated crops
(Agathokleous et al., 2021). Organic and inorganic nanoparticles and
polymers are another distinct category of priming agents. Additionally,
NOSH-A, a novel synthetic donor of nitric oxide (NO), hydrogen sulfide
(H2S) and acetylsalicylic acid, represents a promising tool for plant
priming to develop stress-resilient crops and advance sustainable pro-
duction systems, thanks to its functional role in stress tolerance mech-
anisms involving oxidative stress avoidance, stomata regulation, and
gene expression regulation (Antoniou et al., 2020). Notably, the use of
nanocarriers (including biopolymers such as sodium alginate) as smart
delivery vectors for priming agents towards improved plant perfor-
mance is recently attracting increasing attention (reviewed in Gohari
et al., 2024). However, such compounds have been scarcely analysed.

Towards the need for sustainable solutions, the incorporation of PAs
in early developmental stages of raspberry cultivation presents a
promising technological approach. The current study aimed to offer
insights into the practical application of chemical PAs in raspberry
cultivation under Mediterranean conditions, including melatonin,
glycine-betaine, and NOSH-A and sodium alginate (alone or as conju-
gate with melatonin), along with appropriate solvent controls. Our
working hypothesis was to dissect whether early-stage priming with
different chemical agents, either through direct application or through
smart delivery with the use of biodegradable polymers, will improve
physiological responses of raspberry plants in the field and can poten-
tially lead to the improvement of yield and phytochemical fruit attri-
butes associated with taste, aroma and antioxidant capacity.

2. Materials and methods
2.1. Chemicals and standards

Chemical priming agents were obtained from Sigma-Aldrich
(glycine-betaine and sodium alginate) and from Chem Cruz (mela-
tonin). NOSH-A was provided by Avicenna Pharmaceuticals Inc., NY,
USA. The analytical grade solvents, used to extract the samples, meth-
anol and acetone, were obtained from Sigma-Aldrich and Scharlau,
respectively. The HPLC grade water and acetonitrile solvents were
purchased from Merck. Folin-Ciocalteu reagent, sodium hydroxide, po-
tassium chloride, 2,6-dichloroindophenol sodium salt hydrate,
aluminum chloride, trichloroacetic acid, thiobarbituric acid, meta-
phosphoric acid, and potassium acetate were from Sigma-Aldrich. So-
dium carbonate, sodium acetate and hydrogen peroxide were obtained
from Fluka, Scharlau and Supelco, respectively. Absolute ethanol was

from Scharlau, hydrochloric acid and DMSO from Supelco.

The purity of all standards was higher than 95 %. Fructose, glucose
and sucrose standards were obtained from Sigma-Aldrich, Himedia and
Melford, respectively. Ascorbic acid, pelargonidin, and gallic acid were
purchased from Sigma-Aldrich.

For the determination of volatile compounds, sodium chloride
(NaCl) and SPME fiber assembly Divinylbenzene/Carboxen/Poly-
dimethylsiloxane (DVB/CAR/PDMS) was used and purchased from
Sigma-Aldrich and Supelco, respectively.

2.2. Plant material, experimental design and treatment application

Experiment was conducted in Chandria village, Limassol District
Cyprus located 1250 m above sea level. The climate is continental in
terms of winter and chilling accumulation, with typical Mediterrenean
conditions during spring and autumn. Annual rainfall ranges from
800-1200 mm depending on the season. Over the last decade, the
summer period has shifted from mild Mediterrenean temperatures and
occasional rains, to very hot and dry environment, similar to the coastal
areas of the island.

Plant material (cv. ‘Vica Abril’, Viveros California, Spain) was
received as tray plants in Cyprus in June 2024. In order to combat
transplantation stress, first treatment application was performed in the
root zone with 20 mL of respective formulation, three days prior to the
placemnet of plantlets under field conditions into 10 L pots with coco
coir substrate (June 18, 2024). Three foliar applications were followed
after transplantation in the field at different intervals [27,46 and 74 days
after planting (DAP)]. The last application took place just before
flowering.

In total, the experiment consisted of the following treatments: (1)
NOSH-Acetylsalicylic acid (NOSH-A, 100 pM), (2) DMSO (0.1 % v/v)
(solvent for NOSH-A) (3) melatonin (Mel, 100 uM), (4) sodium alginate
(NaA, 0.5 % w/v), (5) sodium alginate/melatonin (NaA/Melatonin, 100
pM/0.5 % w/v), (6) glycine-betaine (GB, 10 mM) and (7) hydro-primed
which acted as the control. All treatment solutions contained 0.1 % v/v
Tween-20 surfactant to facilitate the wetting and spreading of the
priming agents onto the leaves. Application volumes per plant per
application were 20 mL at root zone and 24 mL, 38 mL and 46 mL for the
three successive sprayings, respectively.

The potted plants were used to set up a randomized complete block
design (RCBD) to account for the spacial variation observed across the
experimental area, particularly related to the sun exposure at different
times during the day due to the topography. Experimental set-up con-
sisted of four blocks in which treatments were randomly assigned in
each block and were present only once per block. Each treatment
replicate consisted of six raspberry plants serving as one biological
replicate. Plants were kept under black netting of 30 % shadow and
atmospheric temperature during midday constantly reach 30 °C over the
period of vegetative growth of the plants. Plants were irrigated during 4
intervals within the day to collect 20-25 % drainage with fertigated
values of EC (uS/cm) of no more than 1500 and pH value of 6.7.

2.3. Agronomic and physiological attributes

A set of agronomic attributes, namely sucker development, branch-
ing of laterals on ground level (Bottom Laterals-BL), total laterals (TL)
per cane and of inflorescence laterals (IL: TL-BT), cane height (cm) and
leaf number were assessed. Additionally, yield per plant was quantified
starting on September 30 (101 DAP) and ending November 18 (150
DAP). Specifically, 13 harvests were carried out at 101, 104, 112, 116,
118,123,126, 130, 133, 137, 140, 143, 150 DAP. Cumulative yield was
expressed in weight (g) per plant; in addition, the number of berries per
plant to generate the index of average berry weight (g) was determined.

LI-600 Porometer/Fluorometer (LI-COR, USA) was used to measure
gas stomatal conductance (mol m2s 1 and transpiration (mmol m 2
s™!). Fluorescence measurements were conducted during light
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conditions to represent photosystem II chlorophyll fluorescence, while
electron transport rate was additionally measured (umol m~2 s™1). LI-
600 was also used to measure parameters quantifying the heat stress,
such as Vapor Pressure Deficit (kPa), Leaf Temperature ( °C) and Light
Intensity (umol m~2 s™). The physiological responses of the plants were
measured weekly during the vegetative stage and biweekly, during the
harvest phase (chlorophyll fluorescence, stomatal conductance), along
with Normalized Difference Vegetation Index (NDVI) (Molina-Bravo
et al., 2011; Rungrat et al., 2016).

Data from canopy reflectance were collected twice a month starting
in August, when the vegetation indices were adequate to start recording
the NDVI and flowering induction has initiated. Crop vigour, repre-
sented by NDVI, was assessed with handheld proximal crop sensor
Greenseeker (TRIMBLE Inc. Sunnyvale, CA, USA) at a height of ca. 0.3 m
from plant canopy and at a different height from the soil according to the
developmental stage. Both, proximal sensors including NDVI and LI-600
measurements were collected starting in July 26 (35 DAP) and ending in
November 1 (133 DAP), 2024. Overall, measurements took place at leaf
level during 35, 41, 51, 62, 72, 82, 91, 112, 118 and 133 DAP,
respectively.

2.4. Cellular damage indicators

In order to assess any cellular damage induced by variations in
temperature prior to flowering, the degree of oxidative stress was
assessed through the quantification of malondialdehyde (MDA) and
hydrogen peroxide (H202) content. Six fully expanded raspberry leaves
per biological replication per treatment were collected once-off before
flowering and immediately placed in dry ice in the field, before stored in
—80 °C until further biochemical analysis. The extent of lipid peroxi-
dation was determined by measuring MDA content resulting from the
thiobarbituric acid (TBA) reaction (Filippou et al., 2011). The absorp-
tion was measured at 532 and 600 nm (TECAN, Infinite 200® PRO) and
MDA was estimated using the Lambert-Beer law, with extinction coef-
ficient of 155 mM 'cm ™! and expressed as nmol g ! fresh weight (FW).

Hydrogen peroxide (H2O2) content was calculated spectrophoto-
metrically based on the oxidation of iodide I to iodine (D), after the
reaction of HyO9 with potassium iodide (SSKI oral solution), using the
procedure described by Loreto and Velikova, 2001. The content of HyO2
was measured at 390 nm and was estimated based on a standard curve of
known concentrations of HyO, and expressed as pmol g~* F.W.

2.5. Fruit quality attributes

2.5.1. Soluble solid content (SSC), titratable acidity (TA) and sugar
content

During harvest peak (133 DAP), approximately 200 g of raspberries
were collected per biological replicate from each treatment and directly
transferred to the laboratory. One-half of the amount (100 g) was frozen
in liquid nitrogen and stored in —80 °C until further analysis while the
other half was homogenized using IKA® T25 digital ULTRA-TURRAX®
for 1-2 min and transferred into 50 mL falcon tubes. The homogenate
was then centrifuged (Sigma 4K15, Germany, 21,190 g, 10 min, 4 °C)
and the supernatant was collected. The supernatant was initially used to
assess soluble solid content (SSC) and total acidity (TA) and then stored
in —20 °C until further analysis. SSC was quantified with the employ-
ment of a refractometer (Atago, PR-32a, Japan) and results expressed as
°Brix. TA was determined using an automatic titrator with multiple
positions (862 Compact Titrosampler, Metrohm AG, Switzerland). For
each measurement, 1 mL of diluted juice in 49 mL distilled HoO was used
for titrating with 0.1 N NaOH to a pH end point of 8.1. Results were
expressed as % citric acid, and the ripening index (RI) was calculated as
the SSC/TA ratio.

Fructose, glucose and sucrose contents were quantified using the
homogenate samples which were thawed before the analysis. From the
homogenate, 2 mL were transferred into an Eppendorf tube and

centrifuged at 6163 g speed for 10 min and 1 mL of the supernatant was
transferred to a new Eppendorf tube. Following this step, 1 mL of the
mixture solvent mixture (acetonitrile/water, 80:20) was added and
vortexed. The mixture was then filtered through PVDF 0.45 um filters.
Glucose, fructose and sucrose contents were quantified using a high-
performance liquid chromatography system (Waters 1525-2707)
coupled with a dual A absorbance detector (Waters 2487) following a
method by Jalaludin and Kim (2021) with some modifications. Briefly,
the chromatographic separation of the analytes was achieved on a Wa-
ters SPHERISORB® NH; column (4.6 x 150 mm, 3 pm), and the mobile
phase consisted of water:acetonitrile (80:20). The flow rate was set at
1.0 mL/min, and the elution was isocratic. The injection volume was 15
uL and the column temperature set at 25 °C. The detection wavelength
was set at 190 nm.

The estimation of sugar concentrations was achieved by constructing
a calibration curve for each analyte within the concentration range of
0.3-15 mg/mL. All measurements were performed in triplicate. Method
validation included evaluation of linearity (correlation coefficients,
slopes, and intercepts), limits of detection (LOD) and quantification
(LOQ), calculated as LOD = 22 and LOQ = 127, where o is the standard
deviation of response, and S is the slope of calibration curve. The pre-
cision of an analytical method is expressed as the relative standard de-
viation, %RSD of the repeatability (intra-day) and intermediate
precisions (inter-day) of three analyses (n = 3) during the same day and
over three days studied, respectively. Precision was assessed at a con-
centration of 5 mg/mL of each analyte standard. The method was
considered acceptable when the %RSD value was lower than 15 %. For
recovery evaluation, a concentration of 6.25 mg/mL of each sugar
standard was spiked into a raspberry sample Nmatrix. The results of the
validation parameters are presented in Supplementary Table 3. Addi-
tionally, quality control (QC) standards (10 mg/mL) analyzed between
sample runs showed percent errors of 0.3-5.4 % for fructose, 1.9-4.7 %
for glucose, and 2.4-5.1 % for sucrose.

2.5.2. Quantification of total phenolic, reduced ascorbic acid, anthocyanin
and flavonoid content

Previously flash-frozen raspberry fruit samples were ground into fine
powder using the basic A11 analytical mill (IKA Mills) and liquid ni-
trogen. Extraction procedure of total phenolic compounds was followed
as described by Shehata et al. (2020) with some alterations: 1.5 mL of 50
% v/v methanol was added to 0.05 g of ground raspberry fruit and
vortexed. Next, the mixtures were placed at —20 °C for 24 h. Subse-
quently, samples were centrifuged for 10 min at 16 000 g at 4 °C
(Eppendorf Centrifuge 5415 R), and the supernatant was stored at —20
°C. The total phenolic content was estimated by the method of Geor-
giadou et al. (2018) with slight alterations. The reaction mixture con-
sisted of 100 pl of the diluted 50 % v/v methanol extract, 0.5 ml of
distilled water, and 0.05 ml of the Folin-Ciocalteu reagent. After 3 min,
0.1 ml of saturated sodium carbonate solution was added, and the
mixture was made up to 1 ml with distilled water. The mixture was
thoroughly mixed, left to stand for 1 h in the dark at room temperature,
and the absorbance was measured at 765 nm. Each measurement was
repeated three times, and the results were expressed as mg gallic acid
equivalent (GAE) 100 g’1 F.W.

Reduced ascorbic acid content was quantified in accordance to
Habibzadeh et al. (2019) with some modifications. In short, 0.2 g was
vortexed with 1.5 mL 2 % w/v metaphosphoric acid. Afterward, samples
were centrifuged for 1 min at 16 000 g at 4 °C (Eppendorf Centrifuge
5415 R), and the supernatant was used for the analysis. The reduced
ascorbic acid was estimated by the method of Georgiadou et al. (2018)
with some alterations. First, 500 pL of the diluted 2 % w/v metaphos-
phoric acid extract was added to 900 pL of 50 mmol L1 2,6-dichloroin-
dophenol and the absorbance was monitored at 520 nm. Ascorbic acid
(AsA) content was quantified using a standard curve and expressed as
mg 100 g L F.W.
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Extraction of total anthocyanin content was performed following the
procedure of Bal & Uriin (2021) with some modifications: 1 mL of 95 %
v/v ethanol: 0.1 N HCI (85:15) was added to 0.1 g of ground frozen
raspberry fruit and vortexed. Successively, the mixtures were placed at
—20 °C for 24 h, then centrifuged for 10 min at 16 000 g at 4 °C
(Eppendorf Centrifuge 5415 R), and the supernatant was stored at —20
°C. Total anthocyanin content was estimated by the pH-differential
assay, using two buffer systems: potassium chloride buffer (0.025 M)
at pH 1.0 and sodium acetate buffer (0.4 M) at pH 4.5 (Georgiadou et al.,
2018). Samples were diluted in pH 1.0 and pH 4.5 buffers and their
absorbances were subsequently measured at 510 and 700 nm. Antho-
cyanin concentration was computed as mg cyanidin-3-glucoside 100 g !
of F.W.

Total flavonoid content was estimated according to the method
described by Meyers et al. (2003) with minor modifications. 10 mL of
acetone was added to 1 g of ground frozen raspberry fruit and vortexed.
Next, the mixtures were placed at —20 °C for 24 h. Subsequently, sam-
ples were centrifuged for 10 min at 16 000 g at 4 °C (Eppendorf
Centrifuge 5415 R), and the supernatant was stored at —20 °C. Total
flavonoids content was estimated by the method of Chang et al. (2020)
with slight modifications. The reaction mixture consisted of 0.5 mL plant
extract, 1.5 mL of 95 % v/v ethanol, 0.1 mL of 10 % w/v aluminium
chloride, 0.1 mL of 1 M potassium acetate and 2.8 mL of distilled water.
The absorbance of the reaction mixture was measured at 415 nm after
incubation at room temperature for 30 min. The results were expressed
as mg quercetin 100 g’l F.W.

2.6. Polyphenolic compound analysis

The polyphenolic compound analysis by HPLC-DAD-ESI-MS/MS was
performed according to Salazar-Orbea et al. (2022). Phenolics identifi-
cation and quantification were carried out on an Agilent 1100 HPLC
system equipped with a photodiode array detector (G1315D) and
coupled in series to an HCT Ultra Bruker Daltonics ion trap mass spec-
trometer through an electrospray ionization (ESI) interface
HPLC-DAD-ESI-MS/MS. The chromatographic separation was per-
formed using a Poroshell 120 EC column (3 x 100 mm, 2.7 um) from
Agilent Technologies (Waldbronn, Germany). Phenolic compounds were
identified by their UV spectra, retention time, molecular weight, and
MS/MS fragmentation pattern. Phenolic compounds quantification was
performed using the authentic standards of castalagin (280 nm), cate-
chin (280 nm), p-coumaric acid (320 nm), pelargonidin (520 nm),
ellagic acid (360 nm) and quercetin (360 nm) to quantify ellagitannins,
flavan-3-ols, hydroxycinnamic acids, anthocyanins, ellagic acid conju-
gates and flavonols respectively.

2.7. Melatonin content

Melatonin extraction and quantification was carried out using a
Melatonin ELISA Kit following the manufacturer’s instructions (Enzo
Life Sciences, Farmingdale, NY, USA).

2.8. Volatile organic compounds

Five grams of frozen powdered raspberry fruit tissue was placed in 50
mL tube and 5 mL of 1 M NaCl solution was added. The mixture was
homogenized using the IKA® T25 digital ULTRA-TURRAX® (IKA Mills)
and samples were stored at —80 °C until further analysis. Prior to the
analysis, samples were transferred to a headspace vial (20 mL) and
incubated in a water bath (40 °C) for 35 min. After the incubation, the
volatile compounds were extracted by SPME fiber (50/30 pm DVB/
CAR/PDMS, Stableflex (2 cm), 23Ga) for 40 min. Immediately after the
40 min of extraction, the SPME fibre was injected manually into the inlet
of the GC-MS.

A Shimadzu GCMS-QP2010 Plus System was used for the determi-
nation of the VOC composition of raspberries aroma, following the

protocol described by Vandendriessche et al. (2013) with some modi-
fications. GL Sciences InertCap 5MS 30 m - 025 mm - 0.25 pm film
thickness capillary column was used. Helium (He) was used as carrier
gas (1.2 mL/min) at high purity. The samples were injected manually in
spitless mode. The injection temperature was set at 250 °C. The oven
was programmed as follows: hold at 35 °C for 5 min, increase to 150 °C
in 4 °C/min increments, then to 240 °C in 50 °C/min increments. The
temperature remained at 240 °C for 5 min. The MS Detector operated in
EI mode (full scan, m/z range: 30-350). The El-mass spectra were
compared with the NIST library spectra.

2.9. Statistical analysis

Statistical analysis for quality attributes involved first one-way
ANOVA analysis and then Tukey-HSD post-hoc pairwise comparison
test at p < 0.05 using SPSS v.25 (SPSS Inc., Chicago, IL, USA).
Biochemical data were statistically analysed using one-way ANOVA
followed by Tukey-HSD post-hoc test (p < 0.05) both performed in
GraphPad version 10.4.1 (GraphPad Software, San Diego, CA, USA).
Principal component analysis (PCA) and heatmap were created using
ClustVis 2.0 according to Metsalu and Vilo (2015). For metabolites the
data were normalized to the control. For VOCs the data matrices of the
original component data (VOCs concentrations versus treatment) were
standardized in order to present (via a hierarchical clustering analysis
heatmap) differences in the relative VOCs content. Euclidean distance
was used as the clustering distance metric.

3. Results and discussion
3.1. Morphophysiological responses

The effect of PAs on plant architecture was assessed in this study to
evaluate the impact of priming on canopy size. Canopy size as well as
total number of laterals determines the yield efficiency of primocane
raspberry plants. The priming agents tested did not significantly influ-
ence canopy development and plant architecture when compared with
control samples (Supplementary Figure 1). Over the 5-month experi-
mental period, physiological measurements did not show any striking
differences among treatments applied, although the pattern was variable
(Fig. 1). Leaf temperature and leaf vapour pressure deficit play an
important role on the stomatal conductance and transpiration rate.
Transpiration as well as stomatal conductance were slightly higher at 35
DAP and decreased along the developmental period and closer to the
flowering period (Fig. 1).

Leaf vapour pressure deficit (VPD) can be defined as the difference
between the moisture holding capacity of the atmosphere (saturation
vapor pressure) and moisture currently present in the atmosphere
(vapor pressure). This is highly influenced by changes in temperature as
higher temperatures increase the saturation capacity of the atmosphere
at a faster rate compared to actual vapor pressure, leading to higher VPD
(Grossiord et.al., 2020). Higher values of VPD negatively influence
stomatal conductance and transpiration as plants activate
water-conservation mechanisms to minimize water loss. Therefore,
fluctuations observed in stomatal conductance and transpiration are
highly driven by temperature and VPD as well as the transition along the
different developmental stages.

Biochemical analysis of cellular damage indicators from leaves har-
vested prior to flowering revealed no significant differences among
treatments tested. Such results can be considered as an indicator that no
harmful effect due to the priming treatments on leaves occurred (Sup-
plementary Figure 2). Yet, additionally time points need to be tested to
confirm this hypothesis.

3.2. Yield performance

Significant improvements due to melatonin pre-treatment were
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Fig. 1. The effect of pre-harvest application of DMSO, NOSH-A, melatonin, NaA, NaA/melatonin and glycine-betaine on A) stomatal conductance (gs,), B) tran-
spiration rate, C) quantum efficiency in light (PhiPS2), D) electron transport rate (ETR), E) Leaf vapor presure deficit atmosphere (VPD leaf), F) Leaf temperature, G)
Normalize different vegetation index (NDVI) of raspberry leaves (cv. ‘Vica Abril’).

observed in the yield performance of the primocane raspberry ‘Vica
Abril’ (Fig. 2). Early in the harvest period, at 118 DAP, melatonin
primed plants showed pronounced differences in cumulative yield (ca. a
4-fold increase) compared with the hydro-primed control (Fig. 2C). By
the end of the harvesting period (150 DAP), cumulative yield in
melatonin-treated plants maintained a significant higher yield
compared with the hydro-primed plants (Fig. 2D). Notably, yield im-
provements observed due to melatonin declined over time suggesting
that the effectiveness of priming was transient (Fig. 2B). Overall,
melatonin can serve as a sustainable strategy to improve raspberry
productivity early in the harvesting period, which is particularly
important during periods of limited fruit availability. In another soft
fruit crop, strawberry, the melatonin application mitigated the negative
effects of salinity stress, leading to increased fruit yield and quality. This
was achieved by enhancing the plant’s antioxidant defense systems and
improving photosynthetic efficiency (Zahedi et al., 2020).

3.3. Fruit quality attributes

Titratable acidity (TA) of fruits refers to the concentration of all
organic acids present and significantly impacts fruit’s taste, texture, and
overall quality. In the present study, plants pre-treated with melatonin,
NOSH-A and NaA, exhibited significantly higher TA compared with the
hydro-primed controls (Table 1). Soluble solids content (SSC) ranged
from 8.5-9.7 % which is consistent with other studies (Ancos et al.,
1999; Pantelidis et al., 2007). Current findings showed no significant
impact of priming on SSC of raspberries, aligning with previous reports
where the pre-harvest application of melatonin and glycine betaine on
raspberries and cherries, respectively, did not result to any significant
change in SSC (Li et al. 2019; Shah et al., 2024).

While no significant differences were observed in SSC among treat-
ments, fructose, sucrose and glucose content were quantified to assess
potential differences in sugar composition which may have a significant
impact on fruit flavour (Fig. 3E, F, G). Concentration of the sugars in
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Table 1

The effect of pre-harvest application of DMSO, NOSH-A, melatonin, NaA, NaA/
Mel and GB on fruit quality attributes [soluble solid content (SSC), total acidity
(TA) and RI (SSC/TA)] of raspberry fruits (cv. ‘Vica Abril’).

Treatment SSC (° Brix) TA ( % citric acid) RI (SSC/TA)

Control 9.25+0.31a 2.47 £ 0.07 b 3.76 £ 0.19a
DMSO 8.45+0.17 a 2.70 + 0.04 ab 3.13+0.07a
NOSH-A 8.90 +£ 0.27 a 2.77 4+ 0.04 ab 3.22+0.10a
Melatonin 9.01 +0.36a 291+0.11a 314 £0.20 a
NaA 8.70 +£0.17 a 2.88+0.11a 3.03+0.11a
NaA/Melatonin 9.70 £ 0.53 a 2.56 + 0.06 ab 3.80 £ 0.26 a
Glycine-Betaine 8.78 £+ 0.23 a 2.58 + 0.04 ab 3.40 £ 0.05a

raspberry juice can be highly variable ranging from 1.0-6.0, 0.8-4.7,
0.1-3.0 g 100 mL™! for fructose, glucose, and sucrose, respectively and
is dependent on the cultivar as well as mesoclimate conditions (Spanos
and Wrolstad, 1987; Viljakainen et al., 2002). Results presented herein,
showed that NOSH-A significantly improved sucrose content up to 35 %,
while NaA treatment resulted in lower sucrose contents compared with
the hydro-primed (control) samples. Furthermore, NaA alone or in
combination with melatonin treatments exhibited lower levels of fruc-
tose and glucose. Observed increases in sucrose content following
NOSH-A treatment could be attributed to altered sucrose metabolism
levels, as individual components of the donor (i.e. NO, HS, and aspirin)
have all been shown to increase activity levels of sucrose synthase and
sucrose phosphate synthase (Jiang et al., 2007; Huang et al., 2020; Gao
et al., 2024). In general, the effect of priming on sugar content can be
variable in different crops and conditions. Okatan et al. (2022) investi-
gated the effect of melatonin on four strawberry cultivars with no

=p < 0.0001.

significant effect being reported on sugar content, while reports on
priming with melatonin in grapevine and plum trees, indicated
enhanced sucrose content, without however the exact mechanism to be
clear (Xia et al. 2021; Xiao et al., 2024). Some studies indicated that
melatonin increases sucrose content by promoting the activity of sucrose
phosphate synthase, while others propose that melatonin increases the
activities of sucrose synthase (in the catabolic direction), sucrose
phosphate synthase, glucokinase, and fructokinase (Xiao et al., 2024).
However, in the present study, melatonin pre-treatment did not influ-
ence sugar content in raspberries. Nevertheless, a more in-depth un-
derstanding of the effects of different priming agents on sugar
biosynthesis across different crops is needed.

3.4. Total phenols, flavonoids, anthocyanins and reduced ascorbic acid
content

Raspberry fruits are known for their high content of polyphenolic
compounds including phenolic acids, flavonoids, and anthocyanins
(Sariburun et al., 2010). In the present study, priming application did
not result in any significant difference on the total phenolic content with
the average concentration of total phenolics being 160.7 mg gallic acid
equivalents 100 g’1 FW (Fig. 3A). Contradictory results have been re-
ported in a recent study, where exogenous melatonin application (50
and 200 umol L™ led to improved TPC in raspberries (Shah et al.,
2024). Overall, total phenolic content (TPC) may vary significantly
depending on the cultivar and the harvest period (Liu et al., 2002;
Bobinaite et al., 2012). To what extent the cultivar under study may
possessed different TPC if harvested under different microclimate con-
ditions or at other time points need to be further elucidated. This is also
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the case if analysis were conducted among different raspberry cultivars
in order to explore the effect of the genetic background.

Anthocyanin content of Mel/NaA conjugate and GB priming applica-
tions led to modest, yet significant increase (Fig. 3B). Specifically, Mel/
NaA treatment lead to 33 % increase in total anthocyanins, while GB
treatment resulted in 43 % improvement in anthocyanin content (Fig. 3B).
Raspberries contain significant levels of anthocyanins, often exceeding 35
mg cyanidin-3-glucoside equivalents 100 g~ FW (Pantelidis et al., 2007),
with major compounds including cyanidin-3-sophoroside, cyanidin-3--
glucoside, and pelargonidin-3-sophoroside (Ancos et al., 1999).

While all priming applications resulted in >22 % of improvement in
total flavonoids, the impact of Mel/ NaA conjugate was most significant
with improvements of up to 63 % compared with the hydro-primed
control (Fig. 3C). A recent study demonstrated the positive impact of
Mel pre-treatment in total flavonoid content (Shah et al., 2024). Fla-
vonoids are a major group of polyphenols present in raspberries, known
for their antioxidant, anti-inflammatory, and cardiovascular health
benefits (Yao et al., 2004; Sariburun et al., 2010). Among them, quer-
cetin and kaempferol are particularly dominant (Bradish et al., 2012).

A further notable result identified, was the effect of NOSH-A treat-
ment in reduced ascorbic acid content which resulted in a 50 % increase
(Fig. 3D). Zhang et al. (2024), demonstrated that salicylic acid impacts
ascorbate-glutathione cycle in prune fruits, improving ascorbic acid
content by up-regulating the activity of key metabolic enzymes. Given
the presence of an acetylsalicylic acid moiety in the NOSH-A chimera, it
is plausible to employ similar mechanistic action.

Raspberries are known for their high ascorbic acid (vitamin C)
content which is recognized for its high antioxidant potential and ability
to counteract oxidative stress (Ponder and Hallmann, 2020). Ascorbic
acid content is influenced by different factors such as cultivar and har-
vest period, with reported levels typically exceeding 20 mg per 100 g of
fresh fruit (Pantelidis et al., 2007; Ancos et al., 1999; Ponder and Hall-
mann, 2020). Our study demonstrates the importance of NOSH-A in the
improvement of ascorbic acid content, especially in cultivars which tend
to demonstrate lower ascorbic acid content.

3.5. Polyphenolic compound analysis

Polyphenol analysis conducted in this study, led to the identification
and quantification of 13 polyphenolic compounds in raspberry fruits,
following the application of different priming agents along plant
development. Significant improvements due to priming application
were observed in caffeoylglucose, cyanidin 3-O-sophoroside, cyanidin
3,5-diglucoside, kaempferol derivative, cyanidin-3-O-glucoside, ellagic
acid pentoside and ellagic acid acetyl pentoside (Fig. 4). The compound
corresponding to either Cyanidin 3-O-sophoroside or Cyanidin 3,5-
diglucoside could not be fully determined as both metabolites share
the same mass and fragmentation pattern. In addition, some ellagic acid
and conjugated derivatives could not be fully distinguished due to the
similarity of the spectra between them. Furthermore, various ellagi-
tannins were also present in the samples but were below the threshold of
detection and thus are not included in the metabolomics analysis. The
most significant effect due to priming application was observed in the
content of kaempferol derivative, with NaA and NaA/Mel treatments
resulting in a three-fold increase in its content compared with the con-
trol (Fig. 4E). Additionally, elevated levels of kaempferol derivative
were also observed as a result of Mel and GB treatments (p < 0.01).
Among all priming applications, NaA and NaA/Mel treatments had the
most significant effects on enhancing the content of different poly-
phenolic compounds identified in the present study (Fig. 4).

In order to evaluate the patterns observed in the metabolomics data
and assess whether these patterns are associated with priming applica-
tion, a principal component analysis (PCA) was performed. The
approach visualizes the data in a two-dimensional space based on the
directions of maximum variance. Distinct separation of different prim-
ing treatments suggests differential effects on the polyphenolic

composition of raspberry fruits. The first two principal components
summarize 80.5 % of total variance (PC1=58.8 %; PC2=21.7 %)
(Fig. 5A). PCA loading values indicate the contribution of each poly-
phenolic compound to the principal components. Significant impact of
kaempferol derivative on both PC1 and PC2 was observed. PC1 is largely
influenced by kaempferol derivative (0.581), cyanidin-3-O-
sophoroside/Cyanidin 3,5-diglucoside (0.437), and cyanidin-3-O-
glucoside (0.423), suggesting that variation of PC1 is driven by the
differences observed in anthocyanins and flavonols between treatments.
Kaempferol derivative (0.581) and catechin (0.351) strongly influence
the variability observed in PC2. Separation of priming agents in PCA is
strongly influenced by the variation observed in the flavonol and
anthocyanin content (Fig. 5A,B). Due to the lack of authentic standards
of the cyanidin glycosides, and the almost identical fragmentation pat-
terns, it was not possible to distinguish between cyanidin 3-O.sophoro-
side and cyanidin 3,5-diglucoside and thus both are considered when
dealing with the cyanidin dihexosides present in raspberries. The same
happens with some isomers of ellagic acid acetyl-pentoside and ellagic
acid pentosides, in which MS spectrometry fragmentation does not allow
the differentiation between isomers, and authentic standards are not
available.

An overview of the results of the analysis of all detected anthocyanin,
catechins, flavonols and phenolic acids are shown in the form of heat-
map (Fig. 5C). Strong impact of priming is observed in the anthocyanin
group as well as flavonoid group, highlighting the significant impact of
melatonin, NaA, NaA/Mel conjugate and GB betaine on polyphenolic
compound content (Fig. 5C).

Polyphenolic compounds identified through the metabolomic anal-
ysis in this study were in accordance with other publications investi-
gating raspberry secondary metabolites (Carvalho et al., 2013; Renai
et al.,, 2021; Zhang et al., 2018). Interestingly, NaA and NaA/Mel
treatments had a significant effect on kaempferol derivative content.
Kaempferol is a known flavonoid recognized for its high antioxidant and
health promoting-effects, like anti-inflammatory, anticancer, antidia-
betic, and neuroprotective properties (Calderon-Montano et al., 2011;
Parveen et al., 2023). Similarly, NaA/Mel treatment resulted in
increased cyanidin-3-O-glucoside and cyanidin 3,5-diglucoside con-
tents. Given that NaA/Mel treatment led to a 33 % increase in total
anthocyanins, it is very likely that increase is driven by these compounds
(Fig. 3B). These two compounds belong to the anthocyanin group and
have high antioxidant potential (Zhang et al., 2023). PCA further sup-
ports these trends as both kaempferol derivative and cyanidin glycosides
had the biggest contribution to the principal components associated
with treatment differences (Fig. 5A,B).

These results indicate that priming agents have the potential of
influencing not only the total flavonoid and anthocyanin content, but
also affect the composition of key bioactive compounds improving fruit
functional value. Interestingly, a recent report on the direct pre-harvest
application of NaA/Mel conjugates on strawberry fruit at three succes-
sive developmental stages, namely large green (LG), small white (SW)
and large white (LW), revealed similar trends in increased contents in
ellagitannins, flavan-3-ols and ellagic acid and their conjugates in fully-
ripe harvested fruit (Georgiadou et al., 2025). The present study high-
lights the promising potential involving novel priming agents like
NaA/Mel in enhancing the nutritional value of raspberry fruits through
the targeted increase in the content of health promoting polyphenolic
compounds.

3.6. Endogenous melatonin content

Plants treated with Mel and NaA/Mel showed that harvested fruits
contained higher levels of melatonin compared with the hydro-primed
control, supporting their successful donation (Supplementary
Figure 3). These results further support the stability of melatonin within
plant structure, suggesting its potential integration into different meta-
bolic processes (Antoniou et al., 2017). Elevated levels of melatonin
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Fig. 5. A) Principal component analysis (PCA), B) xy-scatter plot graph of metabolites and C) heatmap representing the fold changes of metabolomics data of
raspberry fruits (cv. ‘Vica abril’) after the pre-harvest application of DMSO, NOSH-A, melatonin, NaA, NaA/melatonin and glycine-betaine. The data were normalized

to control.

content may also indicate the induction of the transcript levels of key
enzymes involved in melatonin biosynthesis following exogenous
melatonin application, leading to de novo synthesis (Priti et al., 2024).

3.7. Volatile compounds in raspberry fruits

The analysis of VOCs in raspberry fruits identified a total of 98
distinct compounds (Supplementary Table 1). Among all the samples
analysed, the most abundant compounds detected included f-ionone,
ethyl acetate, ethanol, a-ionone, 2-hexenal, n-hexanal, 3-hexenal, and
acetaldehyde. These compounds were consistently present across all the
samples, highlighting their prominence in the volatile profile of rasp-
berry fruits.

Volatile compounds are typically associated with scents detectable
by the human nose, often contributing to pleasant aromas and flavours.
However, volatile compounds in plants also have diverse ecological and
functional roles: they attract pollinating insects, signal the ripeness of
fruits for seed dispersal, and alleviate the effects of abiotic stress (Aprea
et al., 2015). Most of the compounds that have been identified in this

study have been reported in previous studies of volatile compounds in
raspberries (Aprea et al., 2015; Gu et al., 2022; Zhang et al., 2021).

The PCA score plot illustrates the distribution of the replicate treat-
ments based on their principal component scores (Supplementary
Figure 4A). The first two principal components, PC1 and PC2,
accounted for 43.7 % of the total variance in VOCs. One of the NOSH-A
replicate samples showed to be a clear outlier while the scores for all
other treated samples were mixed up, showing no clear separation be-
tween the treatments. If any effect was visible this would be the slight
separation of the control treatment from all other treatments along PC2.
However, further analyses using PLS did not reveal any consistent dif-
ferences (data not shown).

VOCs with an average contribution greater than 0.5 % across all
treatments were considered as main components contributing to the
raspberry aroma and their characteristic fragrance is represented in the
clustering analyses of Fig. 6. Compounds, such as acetone and acetal-
dehyde are typically associated with oxidation products. Acetaldehyde
is connected with the fermentation, fruit ripening and senescence, while
acetone has been associated with fermentative degradation of sugars



N. Valanides et al.

I

"

3 20990092290002222922022

s wg.g.gééﬁwwﬁé.gé.zzgzﬁmi%zg

T600330FF038329=20L»0=3

» 28 =M @ 035 T ® g
LW b BS5 3 =
J3 3 355 =3 =3
oo 2 oY o =
RS w N

|
‘Wﬁ\mmmmm—m‘mrﬁﬂ

¢ VEN

€ UlUOJela\
 uiuolep

Ethanol ! 4 i
R B Al Flavors
n-Hexanal 2 i APD|€
2-Hexenal, (E)- | E;::Ihsy
2-Hexyn-1-ol

Isopentanal B G;assy
1-Penten-3-one Silnye
Pentanal " 2 Sweet
dihydro--lonone I Tropical fruity
4-(2,6,6-trimethyl-2-cyclohexen-1-ylidene)-2-Butanone -4 Vinegary
B-lonone Violet
2-Heptanone

a-lonone

1-Octanol

Octanal

Nonanal
‘ a-Pinene

Total

Acetone

Acetaldehyde
3-Hexen-1-ol, acetate, (Z)-
Acetic Acid

2,4-Heptadienal
5-Ethyl-2(5H)-furanone
2,2-Dimethyl-3-heptanone

Ethyl Acetate

D-Limonene

Z uluolelap
I VEN

Fig. 6. Heatmap representing the fold changes of VOCs data of raspberry fruits (cv. ‘Vica Abril’) after the pre-harvest application of DMSO, NOSH-A, melatonin, NaA,
NaA/melatonin and glycine-betaine. The data were standardized as described in Section 2.9 Statistical analysis.

and lipids (Strommer and Garabagi, 2009;Chierici et al., 2015; Mus
et al., 2020). Moreover, compounds like n-hexanal, (E)-2-hexenal and
3-hexenal represent a distinct chemical sub-group, often associated with
grassy notes (Akkad et al., 2023; Su et al., 2020; Yang et al., 2022).
Compounds such as isopentanal, a-pinene, pentanal, 2-heptanone
and the a- and fB-ionone suggest a contribution from fruity and floral
aromas (Amanpour et al., 2019; Aprea et al., 2015; Ma et al., 2022).
Ionones (a- and B-) are significant compounds, derived from the same
carotenoid-based biosynthetic pathway (Aprea et al., 2015), and both
linked to floral notes, which are characteristic of raspberry fruit.
D-limonene was high in three of the four Mel-treated samples cor-
responding to a citrus-like aroma in raspberry fruits (Ibanez et al.,
2020). An increase in limonene content can enhance the fruity and fresh
sensory attributes of the fruit, making it more appealing to consumers
(Gu et al., 2022; Paterson et al., 2013). Moreover, this terpene has been
associated with various health benefits, such as anti-inflammatory and
anti-obesity effects, suggesting that higher limonene content could
potentially enhance the health-promoting properties of raspberry fruits
(Gu et al., 2022). Arnao et al. (2022) reported that melatonin can in-
crease the content of compounds such as limonene and f-caryophyllene.
Subsequently individual compounds were grouped based on their
chemical classes to reveal a possible overall shift in the VOC pathways
(Fig. 7). The main shift was observed in terms of total aldehydes and
terpenoids. Mel-treated samples exhibited the lowest concentrations of
aldehydes and the highest concentrations of terpenoids compared with
all the other treated and control samples. Aldehydes are generally
associated with not only secondary (Gutensohn et al., 2011) but also

primary metabolism, as they are involved in lipid peroxidation, carbo-
hydrate metabolism, and amino acid metabolism (O’Brien et al., 2005;
Rizzo, 2014). In contrast, terpenoids are primarily linked to secondary
metabolism (Chen et al., 2011). This pattern indicates that melatonin
may enhance the activity of enzymes involved in secondary metabolic
pathways, particularly those related to terpenoid biosynthesis. A recent
study by Eghlima et al. (2025) confirmed that melatonin enhances the
essential oil yield of Thymus vulgaris under water-deficit conditions. This
increase in secondary metabolites was attributed to stimulated terpe-
noid biosynthesis, driven by enhanced meristem activity and the acti-
vation of enzymatic pathways. These findings align with the increased
concentration of the terpenoid d-limonene observed in the Mel-treated
samples of the present study. Similarly, Arnao et al. (2022) reported
that exogenous melatonin positively influences the expression of genes
involved in terpenoid biosynthesis, thereby contributing to the
increased accumulation of terpenes, including limonene, as previously
discussed. Interestingly, the direct pre-harvest application of Mel and
NaA/Mel on strawberry fruit during different developmental stages
prior to fully ripe stage did not lead to a significantly altered aroma
profile in comparison with hydro-primed control samples (Georgiadou
etal., 2025), highlighting the importance of the timing of application for
potential aroma effects.

In spite of the observed shift from aldehydes to terpenoids in Mel
treated fruit (Fig. 7), largely induced by the change in d-limonene, given
the lack of a consistent sample clustering (Fig. 6 and Supplementary
Figure 4A) no clear discrimination was observed between priming
treatments.
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4. Conclusions

The present study provides new knowledge on the impact of selected
priming agents on vegetative growth, physiological performance, yield
efficiency and fruit primary and secondary metabolites of a primocane
raspberry cultivar. While priming did not affect vegetative growth and
physiological parameters, significant improvements were observed in
yield and/or fruit quality attributes in a priming agent-dependent
manner. Notable transient improvements in early harvests were
observed in melatonin-primed plants, suggesting time-dependent yield
improvement which is particularly important in periods of low fruit
availability. Additionally, pre-treatment with NaA and NaA/Mel along
the developmental period led to alterations on fruit sugar composition
and polyphenolic content, with special reference to enhanced contents
in kaempferol derivatives, total flavonoids, and anthocyanins, com-
pounds with potent antioxidant properties. NOSH-A treatment demon-
strated particularly promising increases in ascorbic acid and sucrose
contents, while GB treatment resulted in an increase in total anthocya-
nins. Beside some changes in d-limonene content the observed im-
provements in yield and/or fruit quality attributes were not at the
expense of any drastic consistent changes in aroma composition. Over-
all, this study indicates that chemical priming with Mel, alone or in
combination with sodium alginate, can be further exploited as a sus-
tainable strategy to enhance fruit productivity and nutritional value of
raspberry fruit, without compromising plant growth. Further investi-
gation of the mechanistic action of these compounds is needed to
identify the exact biochemical pathways involved and optimize appli-
cation protocols across variable environmental conditions.
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Abstract

The concept of the application of priming agents (PAs) to enhance yield
performance and quality attributes of fruit crops is relatively novel. The process of
priming involves prior exposure to biotic or abiotic stress factors rendering a plant
more resistant/tolerant to future exposure. There is a wide range of compounds that
are considered to have a priming effect and can be classified into the following
categories: i) chemicals (i.e., hormones, reactive oxygen nitrogen and sulphur species
(RONSS), and small organic molecules), ii) microorganisms (i.e., arbuscular
mycorrhizal fungi (AMF) and plant growth-promoting bacteria (PGPR)), and iii)
nanomaterials (i.e.,, organic and inorganic nanoparticles, as well as polymers). Soft
fruits, also referred to as small fruits or berries, represent a wide and very diverse
group of crops that have high nutritional value but are very perishable with limited
shelf-life potential. These crops are also greatly affected by stress conditions. To our
knowledge, the concept of priming in soft fruits is relatively new with scarce
information available. The aim of the current report is dual. Initially, this report
provides information regarding the prospects of priming agents as a novel agricultural
and technological approach to improve stress tolerance for a range of Rubus species,
namely red raspberry, blackberry, boysenberry, cloudberry, loganberry and black
raspberry. Additionally, it describes the challenges and constraints of raspberry
production within a global context, providing examples and case studies from the
United States and Europe, two industries with striking differences in their production
models.

Keywords: soft fruits, berries, Rubus idaeus, agricultural biostimulants, stress conditions,
melatonin, putrescine, sodium alginate, raspberry production model

INTRODUCTION

Small (or soft) fruits are an excellent natural source of biologically active components
that provide significant health-promoting benefits and this has led to an exponential growth
in their production, including Rubus species (Pantelidis et al., 2007; Manganaris et al,, 2014;
Fotiri¢ Aksi¢ et al., 2019; Milosavljevi¢ et al., 2020). Most Rubus species used for commercial
production are native to Europe and belong to the subgenus Idaeobatus within the genus
Rubus, which contains approximately 740 species (Hummer, 2010). Given the global
distribution and scale of production of Rubus species, they are used both commercially and in
niche markets.

Red raspberry (Rubus idaeus L.) has a predominant position among Rubus species with
a diversity and richness in the content of phenolic compounds, such as anthocyanins,
flavonoids, and phenolic acids. Raspberry fruits have been reported as an important source of
antioxidants with differences noted between tested floricane- and primocane-fruiting
cultivars (DragiSi¢ Maksimovi¢ et al, 2013; Milivojevi¢ et al., 2011). Besides genotypic
(cultivar) effects, other factors such as the environment, ripening stage, cultivation techniques,
postharvest treatments and storage conditions may affect their content (Di Vittori et al., 2018).
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However, soft fruits severely suffer from exogenous stress conditions, such as drought
or heat stress. The application of priming agents can minimize the effects of biotic and abiotic
stress, resulting in increased productivity and improved fruit physicochemical characteristics.
Priming can be achieved by applying natural or synthetic compounds which act as signaling
transducers, ‘activating’ the plant’s defence system. Exposure to a stimulus allows a plant to
respond in a more rapid and effective way to a later stimulus (the same or equivalent)
compared with a non-primed plant. However, the effects of priming agents have been poorly
characterized in Rubus species.

The current report provides information on the prospects of applying priming agents
as a novel agricultural and technological approach from a range of perspectives in raspberries
and, moreover, in the other Rubus species about which little information is available. It
additionally provides an up-to-date overview of the current challenges and perspectives of
raspberry production by examining main producing areas: the United States in the Americas
and the Republic of Serbia in Europe, two industries that apply different production models.

DESCRIPTION OF PRIMING AGENTS FOR POTENTIAL USE ON SOFT FRUITS

Plants suffer from abiotic (salinity, drought, heavy metals, etc.) and biotic (pathogenic
microorganisms and pests) stress conditions. Reception of multiple environmental stimuli
causes several metabolic pathways to become ‘switched on’ in response to accumulation of
signaling molecules. The process of priming involves prior exposure to biotic or abiotic stress
factors making a plant more resistant/tolerant to future exposure. A first encounter with a
particular stress factor can trigger the establishment of a molecular memory that primes or
acclimates the plant (Savvides et al.,, 2016; Sherin et al., 2022). Priming agents applied in
agriculture simulate this process.

Priming agents can be classified into the following classes: 1) chemicals (including
natural and synthetic molecules) such as i) hormones (i.e., salicylic acid, jasmonic acid,
strigolactones), ii) reactive oxygen nitrogen and sulphur species (RONSS: NO, H>S, H20) and
iii) small organic molecules (i.e., melatonin, putrescine); 2) microorganisms such as i)
arbuscular mycorrhizal fungi (AMF including Funneliformis mosseae and Rhizophagus
irregularis), and ii) plant growth-promoting bacteria (PGPR, soil bacteria living in the
rhizosphere that are involved in promoting plant growth and development); and 3)
nanomaterials, which can include organic nanoparticles, inorganic nanoparticles and
polymers (Savvides et al., 2016; loannou et al., 2020; Sherin et al., 2022). This work focuses
on the effect of polyamines (with special reference to putrescine), melatonin and sodium
alginate as potential agents that can be successfully used in Rubus crop production to increase
yield performance and improve plant adaptability to stress conditions.

Polyamines

These compounds play a pivotal role in shaping the intricate web of physiological
processes within plants that impact the quality, yield, and nutritional properties of fruits. As
essential regulators of growth and development, these organic compounds are synthesized
through the intricate pathways of amino acid metabolism. In addition to the well-known
polyamines (putrescine, spermidine, and spermine), other variations are found in different
plant species, which may contribute to the diversity of functions of these compounds
(Minocha et al,, 2014). One of the primary functions of polyamines lies in their influence on
cell division and differentiation. During plant development, the controlled and precise
division of cells is crucial for the formation of tissues and organs. Polyamines act as crucial
modulators in this process, ensuring the proper organization and differentiation of various
cell types (Chen et al,, 2019). Moreover, they participate in the regulation of the cell cycle,
ensuring that cell division occurs at the right time and in the appropriate context. As plants
progress through their life cycle, they eventually undergo senescence, a natural ageing process.
Polyamines are intricately involved in this phase, orchestrating the breakdown of cellular
components and facilitating nutrient remobilization, which is vital for the overall health and
resource utilization of the plant (Alcazar et al,, 2010, 2020).

The impact that polyamines have on plant growth, development, and stress response



has led to the exploration of their potential application in agriculture, particularly in
enhancing pre- and postharvest fruit quality (Chen et al, 2019). As priming agents,
polyamines have demonstrated their ability to prepare fruits to better withstand various
stresses they may encounter during growth and storage, thereby enhancing overall fruit
quality and plant resilience (Gao et al., 2021). Preharvest treatments involve the application
of polyamines to plants before fruit maturation and harvest. This treatment has been found to
positively influence the fruit development and the ripening processes. By regulating gene
expression and protein synthesis, polyamines can impact the production of ripening-related
enzymes and signalling molecules, leading to improved fruit flavour, colour, and texture.
Moreover, preharvest polyamine treatment has been shown to increase fruit yield by
promoting cell division and differentiation in the growing fruits. This effect translates into
larger and more abundant fruits, contributing to higher overall crop productivity (Fortes and
Agudelo-Romero, 2018; Gao et al,, 2021).

As a postharvest treatment, polyamines have proven valuable in extending the shelf life
of fresh fruit. Postharvest stressors, such as temperature fluctuations, humidity changes, and
mechanical damage during handling and transportation, can cause fruit deterioration.
Polyamines, with their role in maintaining cell membrane stability and protecting against
oxidative stress, help delay the onset of senescence and maintain the quality of harvested
fruits for a longer duration (Aghdam and Bodbodak, 2014; Zhang et al., 2020). In addition to
their direct effects on fruit quality, the role of polyamines as priming agents enhances the
ability of fruits to cope with stressors during postharvest storage. By pre-conditioning the
fruits with polyamines, their defence mechanisms are activated and primed, allowing them to
respond more effectively to stress factors encountered after harvest. This includes better
resistance to pathogens, reduced fruit decay, and a higher capacity to withstand physiological
disorders (Gao et al., 2021).

In addition to improving pre- and postharvest fruit quality, polyamines can also improve
yield components and the nutritional value of fruits by enhancing antioxidant capacity and
essential nutrients. Putrescine is the most widely studied polyamine that impacts some of
these variables. For example, several studies have demonstrated that putrescine treatment
can significantly impact fruit size and weight in various crops. This effect is attributed to its
ability to stimulate cell division and elongation (Khan and Singh, 2010; Shanbehpour et al,,
2020). By promoting these crucial growth processes, putrescine contributes to the
development of larger fruits, resulting in enhanced market appeal and overall crop yields (Gao
et al,, 2021). Furthermore, putrescine application exhibits a remarkable influence on fruit
colour development. Through its role in stimulating the synthesis of pigments, such as
anthocyanins and carotenoids, putrescine contributes to vibrant and attractive fruit hues. This
enhancement in colour not only adds visual appeal to the fruits but also signifies potential
health-promoting benefits associated with these pigments. Application of putrescine leads to
a notable increase in the antioxidant capacity of fruits. Torrigiani et al. (2004) and Singh et al.
(2022) have highlighted its positive effect on enhancing the activity of antioxidant enzymes
and maintaining elevated levels of phytochemical compounds. This heightened antioxidant
defence system provides fruits with enhanced protection against oxidative stress, which is
crucial for extending postharvest shelflife and ensuring better fruit quality during storage and
transportation. In addition to the impact on size, colour, and antioxidant capacity, putrescine
application also positively influences the nutritional composition of fruit. Notably, it has been
associated with higher levels of essential nutrients, including vitamins, minerals, and phenolic
compounds (Mirdehghan and Rahimi, 2016; Singh et al.,, 2021). This nutritional enrichment
further augments the value of the fruits, offering consumers with more nutrient-dense and
health-promoting options. As research in this field continues, further insights into the
molecular mechanisms behind polyamine action and their applications to food production
will undoubtedly open new avenues for agricultural innovation (Valero et al., 2002; Fortes and
Agudelo-Romero, 2018).

Melatonin
Melatonin, a natural plant hormone, acts as a potent antioxidant and free radical
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scavenger, providing protection against oxidative stress induced by environmental factors like
high temperature extremes, drought, and UV radiation. This protective effect contributes to
the overall health and vigour of horticultural crops. Furthermore, melatonin has a pivotal role
on various physiological processes in fruit trees, such as photosynthetic enhancement,
circadian rhythm regulation, and hormone balance promotion, leading to improved nutrient
assimilation and allocation, and ultimately resulting in better fruit development and quality
(Agathokleous et al.,, 2021; Nawaz et al,, 2016; Zeng et al., 2022; Zhang et al., 2020).

Postharvest application of melatonin involves treating harvested fruits with melatonin
solutions or coatings to enhance their quality, extend shelf life, and reduce postharvest losses.
Melatonin applied postharvest has been reported to delay ripening, preserve antioxidant
capacity and reduce the intensity and severity of postharvest diseases (Ze et al., 2021; Zhang
et al.,, 2020). Melatonin can also be incorporated into edible coatings or films applied to fruit
surfaces. These coatings provide a protective barrier against moisture loss, gas exchange, and
microbial contamination. Melatonin-infused coatings subsequently help to maintain fruit
quality and prolong shelflife (Arnao and Herndndez-Ruiz, 2020; Xu etal., 2019; Ze et al., 2021).
A recent meta-analysis provides an overview of the effect of melatonin on postharvest
performance and antioxidant properties of fresh fruits (Madebo et al., 2022)

The mode of action of melatonin is through activation of i) enzymatic (SOD, APX, CAT)
and non-enzymatic antioxidant systems (ascorbate and glutathione, total phenols,
anthocyanins, flavonoids), ii) the GABA-shunt pathway;, iii) endogenous melatonin, as well as
causing a decrease in lipid peroxidation (MDA) and hydrogen peroxide. It has been also
reported to reduce tissue softening and enhance resistance to fruit fungal decay. Recent
studies have shown that melatonin-primed raspberry plants exhibit increased resilience
against diseases and pests, bolstering the plant’s defence mechanisms and reducing pathogen
infestations which leads into higher fruit yields (Arnao and Herndndez-Ruiz., 2020; Zhang et
al.,, 2020).

Sodium alginate

It is a biodegradable polymer that can be broken down and metabolized by
microorganisms or degrades naturally in the environment when disposed of properly. This in
turn reduces its impact on the ecosystem compared to non-biodegradable materials that
persistin the environment. This inherent eco-friendly property makes it an attractive solution
for a wide range of applications (Shit and Shah, 2014). Chemically, sodium alginate is a linear
polysaccharide composed of repeating units of two monosaccharides: 3-D-mannuronic acid
(M) and a-L-guluronic acid (G). These monosaccharide units are linked together by 1,4-
glycosidic linkages. The arrangement and composition of M and G units within the polymer
chain play a crucial role in determining the physicochemical properties of sodium alginate. In
its chemical structure, the M and G units alternate along the polymer chain, creating distinct
patterns of M-G and G-M sequences (Yerramathi et al.,, 2021). The distribution and ratio of
these units can vary, resulting in different alginate variants with diverse properties such as
solubility, gelation capacity, and viscosity. This versatility allows sodium alginate to be tailored
for specific applications, making it an ideal choice for a wide range of industrial and
biomedical uses (Yerramathi et al., 2021; Karim et al., 2022). Overall, the viscosity of sodium
alginate solutions can be fine-tuned by controlling the distribution and composition of M and
G units, making it valuable for thickening and stabilizing applications in various industries
(Yerramathi et al,, 2021; Karim et al,, 2022).

Sodium alginate can be applied via nano smart delivery systems in the following ways:
i) encapsulation of active ingredients: it can be used to encapsulate active ingredients within
alginate-based nanostructures; the encapsulation helps protect the active ingredient, control
its release, and enhance its stability; ii) nanoparticle formulation: it can be utilized to form
nanoparticles, either alone or in combination with other materials for targeted delivery; iii)
hydrogel systems: it can form hydrogels when crosslinked with divalent cations like calcium
ions. Alginate-based hydrogels have been used as smart delivery systems for the controlled
release of growth factors or other bioactive agents; iv) bioactive scaffold material for tissue
engineering applications (Nair et al.,, 2020; Yerramathi et al,, 2021; Karim et al,, 2022).
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RASPBBERY FRUIT PRODUCTION: CHALLENGES AND CONSTRAINTS WITHIN A GLOBAL
CONTEXT

The case of the United States (US)

The US ranked as the 5t largest global producer of raspberries in 2021 with a
production area covering 6,578 ha (FAOSTAT, 2023). Within the US, Washington and California
lead processed and fresh market production, respectively, with the value of utilized
production in 2021 estimated at $ 531.3 million US dollars (United Department of Agriculture,
National Agricultural Statistics Service, 2022). Washington primarily grows floricane-fruiting
raspberry that is machine harvested with the average yield at 8687 kg hal. In contrast,
California hand harvests primocane-fruiting plants with average yields at 21296 kg ha-l.
‘Meeker’ along with ‘WakeField’ and ‘WakeHaven’ are the most widely planted cultivars in
Washington, while California growers often use private genetics from companies such as
Driscoll’s. Other states cultivate raspberry and the crop is used within local and regional
foodsheds.

The US raspberry industry works cooperatively with public and private research and
outreach programs to address prioritized production issues. Development of new and
adapted cultivars with high yield potential, superior fruit quality, and tolerance or resistance
to key pests and diseases is an important breeding aim addressed by public and private
breeding programs. Management of pests such as spotted wing drosophila (Drosophila suzukii)
and mites as well as pathogens and plant-parasitic nematodes are also high priority
production constraints. Diseases of most concern include botrytis fruit rot, Phytophthora root
rot, yellow rust, and cane blight, while root lesion nematode (Pratylenchus penetrans) and
virus-transmitting nematodes are also of concern. Labour is yet another key constraint as the
cost of labour continues to increase, while the availability of an agricultural workforce
diminishes. Recently, adaptation to heat has emerged as a new challenge. High temperatures
have been especially challenging in the Pacific Northwest region with some growers suffering
complete or partial crop loss due to recent extremes in heat. California growers often use poly-
tunnels, which can provide some protection from heat and UV damage depending on
implementation, but this practice is not widely used in raspberry production in Washington
and the greater Pacific Northwest region. Release of new cultivars with improved tolerance or
resistance to key biotic and abiotic stressors will be important in helping the raspberry
industry adapt to production challenges, but breeding is a slow process and needs to be
complemented with other horticultural tactics. Priming agents are one potential avenue that
can be rapidly employed to enhance or sustain production of this economically important crop.
However, research is needed to inform the utilization of priming agents and needs to be paired
with economic analyses to understand the implications of this new practice on profitability.

The case of Serbia

According to FAOSTAT (2023), the total cultivated area is 20,807 ha with an annual
production of 110,589 t in 2021 that results on a relative low yield per hectare. The area of
each farm is 0.25 ha and cultivation costs are estimated at 1.7 € kg of produced fruit with
labour costs representing the largest share. More than 90% of raspberries produced are
frozen in cold stores. The selling price varies significantly from 4.5 € kg1 (2022) to 1.7 € kg'!
(2023) with the vast majority of fruits destined for freezing/processing (>90%) and exported
to foreign markets as various frozen products (rollend, gris and block). The export of fresh
raspberries is insignificant.

The predominant cultivar is ‘Willamette’ (90%), followed by ‘Meeker’ (3%) and ‘Fertodi
Zamatos' (2%), while ‘Tulameen’ and ‘Glen Ample’, which are mainly used for fresh
consumption, are rarely present due to domestic consumption of this fruit being very small
and the export of fresh raspberries from Serbia quite limited (Nikoli¢ and Tanovié¢, 2012). The
vertical trellis system and careful balancing of the vegetative and generative growth of
biennial raspberries by removing the first series of primocanes have been employed towards
enhanced crop efficiency (Milivojevi¢ et al., 2017). However, removing young canes is a very
labour-intensive and expensive management practice in commercial raspberry plantations;
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therefore, previous studies have highlighted the need to apply growth retardants (i.e.,
prohexadione-calcium, ProCa), which block the last steps of gibberellin biosynthesis and thus
prevent the formation of active forms of gibberellins. In ‘Willamette’, ProCa treatment was
effective at reducing vegetative growth, increasing the number of inflorescences cane! and
promoting the yield and nutritional fruit quality (DragisSi¢ Maksimovi¢ et al., 2017).

Over the last decade, the production volume of primocane fruiting cultivars was slightly
increased. Older cultivars such as ‘Polka’, ‘Polana’, ‘Autumn Bliss’, ‘Himbo Top’ and ‘Heritage’
are the most common in commercial plantations, which are mainly cultivated in a hedgerow
system with additional trellises. In open-field production, all canes are mowed down after
fruiting in early spring and the crop is only produced on newly developed primocanes from
mid-July to fall. More recently, two newly-introduced cultivars (‘Enrosadira’ and ‘Kwanza’)
have been extended into protected environments to meet the growing needs of producers and
consumers. These cultivars continually set fruit on the current season’s canes from mid-July
to fall, and some of the previous season’s canes are retained to produce early fruit from late
May to late June in the following year, thus extending the harvest season and providing higher
total yields for bearing twice a year. The introduction of new cultivars that are more
productive and resistant or tolerant to pathogens and stress conditions is essential for the
raspberry industry to overcome production constraints. The main constraints in the Serbian
raspberry industry are: adverse effects of climatic factors; poor quality of planting material
(mainly propagated in commercial plantations); use of inappropriate soils and sites for
establishment of new plantations; lack of labour for harvesting; inability to use the same
cultivar(s) for fresh and processed markets, and the stock of unsold frozen raspberries from
the previous year depressing prices. As labour costs have increased, basic cultural practices
should be mechanized. In Serbia, the daily harvest rate per worker is between 40 and 60 kg,
which accounts for up to 70-80% of production costs, while mechanization of harvesting can
reduce this value by 10-12 times and reduce direct operating costs by 50-70% (Kazakov et al.,
2009).

New directions for the Serbian raspberry industry include machine harvesting of
raspberries destined for freezing and processing, cultivation of raspberries in protected
environments (anti-hail nets, rain shelters, and greenhouses) to prevent adverse effects of
extreme climactic factors and the promotion of new, superior primocane fruiting raspberry
cultivars. For example, ‘Enrosadira’ (Sant Orsola, Italy) and ‘Kwanza' (Advanced Berry
Breeding, The Netherlands, etc.) have been reported to yield more than 30 t ha-t and have very
large fruit size with good flavor and excellent shelf life. The development of new cultivation
techniques, such as use of long canes and soilless culture, are also new directions to produce
year-round raspberries for fresh consumption. The ability to produce year-round raspberries
for fresh consumption through a combination of superior cultivars and new production
techniques with a gap during July and August is a realistic scenario under Mediterranean
conditions (Evangelos Tsormpatsidis, pers. commun.). The application of priming agents may
have an important role as a new production technique that expands the resiliency and
viability of this evolving raspberry industry in Europe.

CONCLUSIONS

The following conclusions can be drawn from this report:

- Expanding global production of soft fruits, including Rubus species, is challenged by
biotic and abiotic stress factors. Climate change and extremes in weather necessitate
new tools that can rapidly and economically reduce crop loss due to abiotic stress and
should complement other breeding and horticultural research efforts;

- In the context of the high demand for fresh and processed raspberries in the world
market, there is a great need to increase the profitability of cultivation through the use
of innovative, low-cost technologies, such as the application of priming agents;

- Research and use of priming agents should be prioritized, particularly considering the
adverse stress conditions experienced due to climate change. It is also important to
understand and apply the potential benefit from the postharvest use of priming agents
towards enhanced cold chain management from field to consumer;
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- The utilization of priming agents offers a promising strategy to improve raspberry
plant health, enhance productivity, and elevate fruit quality amid changing global
climactic conditions. By countering the detrimental effects of biotic and abiotic
stresses, priming agents empower raspberry plants to thrive in challenging
environments;

- As ongoing research continues to unravel the specific mechanisms behind these
priming agents’ effects on raspberry physiology and fruit quality, the potential for
optimizing raspberry production and providing consumers with high-quality,
nutritious berries becomes increasingly evident.
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Are priming agents a step
forward to enhance soft

fruit yield efficiency?

> The development of non-toxic synthetic and nat&ra; pri-
ming agents (PAs) towards sustainably-sourced and environ-
mentally sound products towards a resource-efficient circular
economy is an R&D activity that recently has received consi-
derable attention. However, the effort of the Lead Market Initi-
ative (LMI) Advisory Group to trigger a prospective market for
innovative products still needs to be implemented. PRIME-
SOFT is a European-funded project (www.prime-soft.eu), and
its overarching objective is to explore innovations in applying
PAs in soft fruits from a range of perspectives to take advan-
tage of the EU-driven effort for product innovation, develop-
ment, and marketization.

Dr. George Manganaris | Associate Professor at Cyprus University of Technology
Director of the CUT Fruit Sciences Group

and (iii) nanomaterials (i.e., organic
and inorganic nanoparticles, as well as
polymers). Recent research on che-
mical priming has provided further
knowledge of the complex mode of
action of specific signalling molecules
involved in the process and enhanced
plant tolerance against individual
abiotic stresses. PAs additionally offer
an attractive alternative to commonly
employed methodologies for enhan-
cing tolerance to stresses, as some

are particularly time-consuming (i.e.
conventinnal hreedina) and athers are

Defining the term ‘priming
agent’

The process of priming involves prior
exposure to abiotic stress factors,
rendering a plant more resistant/
tolerant to future exposure. There is
a wide range of compounds that are
considered to have a priming effect
and can be classified into the follo-
wing categories: (i) ehemicals (i.e.,
hormones, Reactive Oxygen Nitro-
gen and Sulphur Species (RONSS),

and small organic molecules), (ii)

micrnaraanieme [i @ arhoseillar
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The concept and the novelty
Soft fruits, also referred.to as small
fruits or berries, represent a wide
and very diverse group of crops

with high nutritional value but are
very perishable with limited shelf-
life potential. These crops are also
greatly affected by stress condi-
tions. The concept of the application
of priming agents (PAs) to enhance
yield performance and quality attri-
butes of soft fruit crops is entirely
novel. The presentation will provide
information reaardina tha nracnante
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to improve stress tolerance, giving
special reference to strawberry
cultivation. To our knowledge, exist-
ing technologies representing major
competition are limited to relatively
few formulations/biostimulants
based on silicon nutrition/supple-
mentation and which do not always
provide cross-protection against
multiple abiotic stress factors, such
as drought, salirity, and heat. The
novelty of our scientific strategy
lays in the fact that it encompasses
(1) the exploration of both a natu-
rally derived priming agent (PA) in
the form of melatonin as well as a
synthetic PA recently co-patented by

the HO (use of NOSH/NOSH-A in plants;
W0/2015/123273) and (2) the employ-
ment of both advanced nanomaterial
engineering and encapsulation tech-
nique's through electro-hydrodynamic
processes to enhance PA's efficiency
towards increment of yield, enhance-
ment of health-promoting properties
and additionally ameliorate plant
damage under climate change-re-
lated abiotic stress conditions in
added-value soft fruit crops, namely
strawberry and raspberry.

Conclusion
Priming agents (PAs) have gathered
unprecedented attention, with many

companies investing in R&D ini-
tiatives for their development, as
Europe’s new bioeconomy strategy
and action plan aspires to drive
towards an increased and sustainable
use of renewable resources. We aim
to bridge the gjap between chemical
and nanomaterial priming research
and agricultural practice in order to
bring the inventions (i.e., beneficial
effects of advanced nanomaterials
conjugated with natural metabo-
lite-based PAs) closer to applica-
tion and commercialization when

it comes to agricultural practice

and more broadly to sustainable or
“green” technologies. ®
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