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Abstract

Berries—including strawberries, blueberries, raspberries, blackberries, cranberries, and
several less commonly cultivated berry species—are highly valued for their sensory quality
and rich content of bioactive compounds, yet they are among the most perishable horti-
cultural products. Their soft texture, high respiration rate, and susceptibility to fungal
pathogens lead to rapid postharvest deterioration and significant economic losses. This
review synthesizes advances in berry postharvest management reported between 2010 and
2025. Conventional strategies such as rapid precooling, cold-chain optimization, controlled
and modified atmospheres, and edible coatings are discussed alongside emerging non-
thermal technologies, including UV-C light, ozone, cold plasma, ultrasound, biocontrol
agents, and intelligent packaging systems. Particular emphasis is placed on the instability
of anthocyanins and other phenolic compounds, microbial spoilage dynamics, and the in-
fluence of cultivar genetics and preharvest factors on postharvest performance. The review
also highlights opportunities for circular-economy applications, as berry pomace, seeds,
and skins represent valuable sources of polyphenols, dietary fiber, and seed oils for use
in food, nutraceutical, cosmetic, and bio-based packaging sectors. Looking ahead, future
research should prioritize integrated, multi-hurdle, low-residue postharvest strategies, the
scale-up of non-thermal technologies, and data-driven cold-chain management. Overall,
coordinated physiological, technological, and sustainability-oriented approaches are essen-
tial to maintain berry quality, reduce postharvest losses, and strengthen the resilience of
berry value chains.

Keywords: berries; postharvest physiology; non-thermal technologies; bioactive recovery;
sustainable valorization

1. Introduction

Berries are nutritionally dense and economically significant fruits that combine ap-
pealing flavor, intense color, and a rich profile of bioactive compounds. Major cultivated
species—strawberries (Fragaria x ananassa), blueberries (Vaccinium spp.), raspberries (Rubus
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idaeus L.), blackberries (Rubus fruticosus L.), and cranberries (Vaccinium macrocarpon Aiton)—
account for most of the global berry market, while several less commonly cultivated berry
species, including currants (Ribes spp.), elderberries (Sambucus nigra L.), aronia (Aronia
melanocarpa (Michx.) Elliott), goldenberries (Physalis peruviana L.), sea buckthorn (Hippophae
rhamnoides L.), goji (Lycium barbarum L.), and the Portuguese crowberry (Corema album
L.), are gaining commercial relevance through diversification and functional food inno-
vation [1-7]. Their characteristic pigmentation—primarily anthocyanins, flavonols, and
carotenoids—together with organic acids and vitamin C, underpins both their sensory
appeal and health-promoting properties [8-12].

Despite their nutritional and economic importance, berries remain among the most
perishable horticultural commodities. Their thin cuticle, high water activity, and elevated
respiration rates lead to rapid softening and microbial spoilage, while susceptibility to
Botrytis cinerea and Rhizopus stolonifer further constrains storage life [13-18]. These intrinsic
limitations result in postharvest losses often exceeding 25% of production, underscoring
the need for integrated technological and biological preservation strategies [19-23].

This challenge is magnified by the rapid expansion of berry production and trade.
According to Eurostat (2025 preliminary release), total EU berry production increased from
1.23 million t in 2015 to approximately 1.57 million t in 2024, with projections reaching
1.60 million t in 2025 [24]. Production value rose from €3.8 billion to €6.2 billion, reflecting
both acreage expansion and premium pricing, particularly for blueberries (Table 1).

Table 1. EU berry production, market value, and trends for major and emerging berry types
(2025 estimates).

Production Trade Value . N
Berry Type (t x 103, 2025 est.) (€ million, 2025 est.) Main EU Producers  Trend 2015-2025
Strawberries 900 3200 Spain, Poland, 1 moderate (+12%)
Germany, Italy

. Poland, Spain, o
Blueberries 380 2100 Portugal, Germany 1 strong (+65%)

) Poland, Serbia (EU o
Raspberries 140 550 partner), Portugal 1 steady (+22%)
Blackberries 50 210 Hunga1jy, Portugal, 71 slight (+8%)

Romania
Other berries . .
(currants, elderberry, 100 180 Finland, Latvia, 1 limited (+5%)

aronia, etc.)

Portugal

* 1 (symbol) denotes a positive growth trend during 2015-2025.

EU imports of fresh and frozen berries averaged 480,000 t (€1.6 billion) in 2024, while
exports reached 350,000 t (€1.2 billion), dominated by frozen raspberries and fresh blue-
berries [25-27]. In Portugal, berry cultivation—especially blueberries—expanded from
less than 200 ha in 2010 to more than 4000 ha in 2024, with exports accounting for over
80% of production [5,24]. This sustained growth underscores the strategic importance of
postharvest innovation in maintaining quality and competitiveness along export-oriented
supply chains [13,14,28].

Consumer demand further reinforces these pressures. Berries hold a privileged posi-
tion due to their perceived “natural healthiness,” attractive color palette, and convenience
for fresh and processed consumption. Global consumption has increased steadily over
the past two decades, driven by the functional food market and growing awareness of
antioxidant, anti-inflammatory, and cardioprotective effects associated with regular berry

https:/ /doi.org/10.3390/horticulturae12010019


https://doi.org/10.3390/horticulturae12010019

Horticulturae 2026, 12, 19

3 0f 36

intake [3,7,29-36]. Blueberries and strawberries dominate retail markets, while raspber-
ries and blackberries are expanding in high-income and niche segments [15,25,27,37].
From an economic perspective, berries command some of the highest price-per-kilogram
values among fruits, reflecting both premium branding and high postharvest handling
costs [4,25,28,38]. However, consumer expectations for flawless visual quality and freshness
also amplify waste, intensifying postharvest challenges [4,13,15,28].

The short shelf life of berries arises from a convergence of biological, physiologi-
cal, and logistical factors. High respiration and transpiration rates accelerate softening
and water loss, while the absence of a protective rind increases mechanical vulnerability;
even minor bruising can trigger enzymatic oxidation and microbial infection [14,39-43].
Temperature and humidity management are therefore critical: deviations of only a few
degrees from optimal cold-chain conditions (0-2 °C) can double respiration rates and fun-
gal incidence, while inadequate relative humidity promotes either shriveling or pathogen
proliferation [19,44—49]. Ethylene sensitivity, even in non-climacteric berries, further accel-
erates senescence when fruits are stored near ethylene-producing commodities [50-53].

Intrinsic biochemical composition also strongly influences postharvest stability. High
concentrations of anthocyanins, ellagitannins, and ascorbic acid—although nutritionally
valuable—are chemically unstable and prone to oxidation, resulting in pigment degradation
and browning [54-57]. Genetic background modulates these traits: cultivars with firmer
tissues and thicker cuticles, such as ‘Albion’ strawberries or ‘Duke’ blueberries, generally
exhibit superior storability, whereas softer cultivars are more susceptible to mechanical and
microbial damage [58-62].

In response to these challenges, postharvest research on berries has diversified rapidly,
with increasing emphasis on sustainability, minimal processing, and digitalization. Non-
thermal technologies—including UV-C, pulsed light, ozone, cold plasma, and high-pressure
processing—have emerged as promising alternatives to conventional chemical fungicides,
offering microbial control with reduced residue concerns [21,22,63]. Edible coatings based
on chitosan, alginate, pectin, or pullulan, often enriched with essential oils or probiotics,
provide semi-permeable barriers that limit respiration and water loss while imparting
antimicrobial activity [64—66]. Biological control agents, such as lactic acid bacteria and
antagonistic yeasts, are also being explored for suppressing Botrytis and Rhizopus under
commercial conditions [65,67-69].

Beyond physical and biological interventions, digital technologies—including IoT-
based cold-chain monitoring, machine vision, and predictive modeling—are transform-
ing postharvest management from reactive to proactive paradigms [70-73]. Integration
with foodomics and advanced analytical tools strengthens links between physiological
responses, biochemical markers, and processing outcomes [36,74], while advances in ge-
nomics, hormone biology, and cell-wall metabolism are supporting breeding programs
targeting firmness, pigment stability, and disease resistance [62,75-78]. Together, these
developments signal a transition toward precision postharvest management.

Despite these advances, significant constraints remain. Many non-thermal technolo-
gies are still limited to laboratory or pilot scales due to cost, regulatory uncertainty, and
cultivar-dependent variability [21-23,79]. Edible coatings and biological treatments may
face sensory acceptance issues or limited shelf stability [64,80,81], while inconsistent cold-
chain management and high logistics costs continue to challenge small and medium-sized
enterprises. In breeding programs, postharvest quality traits are often underrepresented
in selection indices, and data fragmentation across digital platforms hampers predic-
tive quality management [75,82]. Moreover, knowledge gaps persist regarding the long-
term nutritional stability of bioactive compounds under combined treatments and real
supply-chain conditions.
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Considering the growing global relevance of berry crops, their persistent postharvest
fragility, and the urgent need for sustainable preservation strategies, this review critically
synthesizes scientific advances published between 2010 and 2025 on berry postharvest
handling, processing, and by-product valorization. By integrating evidence across physiol-
ogy, biochemistry, and technology, the review aims to identify key determinants of berry
shelf life, highlight technological and biological bottlenecks, and outline future research
pathways to bridge laboratory innovation with commercial feasibility.

2. Materials and Methods

This review was designed as a comprehensive and critical narrative synthesis of peer-
reviewed literature published between 2010 and 2025, integrating advances in postharvest
management, processing technologies, valorization strategies, and genetic improvement
of berry crops. Given the multidisciplinary scope of the topic—spanning plant physiol-
ogy, food technology, microbiology, breeding, and circular-economy applications—the
review was not structured as a formal systematic review. Instead, it follows a transpar-
ent, structured, and reproducible narrative-review methodology, suitable for synthesizing
heterogeneous experimental evidence across diverse research domains. To enhance trans-
parency in literature identification and selection, the review process was informed by the
PRISMA 2020 reporting framework [83-86], which was adapted for narrative reviews. The
PRISMA-style flow diagram is therefore used to illustrate the search, screening, eligibility
assessment, and inclusion steps, but without applying the restrictive inclusion criteria, risk-
of-bias assessments, or quantitative meta-analytical procedures that characterize systematic
reviews (Figure 1).

Full-texto articles
excluded (out of
Full-text articles scope, No
assessed for empirical data,

Records identified
through database

searches (Web of Records after Records

excluded:

Science, Scopus, duplicate
ScienceDirect, removal: n= 900
PubMed): n»
1100

eligibility: insuficiente
n~ 450 methodological

WA detail):

n= 150

Figure 1. PRISMA-style flow diagram illustrates the literature identification, screening, eligibility
assessment, and inclusion process for the present review. Records were retrieved from Web of Science,
Scopus, ScienceDirect, and PubMed (2010-2025). Following full screening, approximately 300 studies
were included in the final narrative synthesis.

A structured literature search was conducted in Web of Science, Scopus, ScienceDirect,
and PubMed between January 2024 and September 2025. Search terms combined the botan-
ical names of major berry species—Fragaria X ananassa, Vaccinium spp., Rubus idaeus, Rubus
fruticosus, Vaccinium macrocarpon, and Corema album—with thematic descriptors related
to postharvest physiology, preservation technologies, and circular-economy applications.

https://doi.org/10.3390/horticulturae12010019


https://doi.org/10.3390/horticulturae12010019

Horticulturae 2026, 12, 19

5 of 36

Keywords included postharvest, cold storage, modified atmosphere, edible coating, UV-C,
cold plasma, ozone, biocontrol, high-pressure processing, pulsed electric fields, ultrasound,
valorization, pomace, anthocyanins, fungal decay, Botrytis cinerea, climate adaptation, and
genomic breeding. Boolean operators and truncations were used to broaden coverage, and
the search was restricted to peer-reviewed, English-language publications.

Studies were included when they provided empirical or mechanistic insights into
berry postharvest physiology, biochemical stability, microbial ecology, or shelf-life exten-
sion; evaluated emerging or conventional preservation technologies; explored valorization
pathways for berry by-products; or examined genetic and biotechnological innovations
with relevance to postharvest quality. Publications without empirical data, studies fo-
cused exclusively on non-berry crops, and works outside the defined timeframe were
excluded, except where seminal references were necessary to contextualize mechanistic or
historical concepts.

The initial database search yielded over 1100 records, which were screened by title and
abstract for relevance to berry postharvest physiology, preservation technologies, valoriza-
tion pathways, and genetic improvement. After removing duplicates, non-peer-reviewed
materials, non-berry studies, and publications falling outside the target timeframe, approxi-
mately 450 articles proceeded to full-text assessment. Following evaluation of methodolog-
ical rigor, data quality, and thematic relevance, approximately 300 studies, including those
describing methodological frameworks, were retained for inclusion in the final narrative
synthesis. The overall identification, screening, and eligibility workflow is illustrated in
Figure 1, which presents a PRISMA-style mapping of the literature selection process.

All retained studies were critically examined for experimental robustness, reproducibil-
ity, and applicability to commercial or near-commercial berry systems. Extracted data were
then organized into four thematic pillars—(i) preharvest determinants and physiology,
(ii) postharvest technologies and pretreatments, (iii) valorization strategies for by-products,
and (iv) genetic and biotechnological advances—allowing the integration of biological,
technological, and sustainability-driven findings. Quantitative results (e.g., changes in
firmness, microbial reductions, or antioxidant retention) were normalized to comparable
control conditions whenever possible to facilitate cross-study interpretation.

Through this structured and integrative methodology, the present review aims not
only to summarize existing knowledge but also to critically evaluate converging evidence
across complementary domains, supporting a holistic understanding of how preservation
technologies, physiological mechanisms, and circular-economy strategies collectively shape
the sustainability and efficiency of modern berry supply chains.

3. Berry Physiology, Microbiology, and Postharvest Determinants

Berry postharvest behavior results from interacting physiological, biochemical, and
microbial processes that govern softening, water loss, color fading, and decay (Figure 2).
High metabolism, fragile tissues, hormonal signals, mechanical injury, and pathogen
activity all shape the rapid decline in quality.

In the following section, these key mechanisms are described to provide a clearer
understanding of the factors that determine berry shelf life.

https://doi.org/10.3390 /horticulturae12010019
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Figure 2. Overview of the main factors determining berry postharvest quality.

3.1. General Physiological Characteristics

Berries are characterized by their soft pericarp, high surface-to-volume ratio, and
thin cuticular layer, which collectively confer extreme fragility and accelerate postharvest
deterioration. Their water content typically exceeds 85-90%, and respiration rates range
from 15 to 70 mg CO,-kg~!-h~! at 5 °C—values among the highest for non-climacteric
fruits [87,88]. The high metabolic activity drives rapid depletion of organic acids and
sugars, directly influencing flavor, firmness, and color stability [89].

Most commercial berries are non-climacteric, meaning that ripening does not continue
significantly after harvest, and they exhibit limited responsiveness to ethylene compared
with climacteric fruits such as bananas or tomatoes. Nevertheless, ethylene still plays
a regulatory role in softening and color development, mainly through modulation of
pectin-degrading enzymes such as polygalacturonase (PG) and pectate lyase (PL). This
has been documented specifically in strawberries [50,77,90] and blueberries [52,53,62].
This sensitivity underscores the importance of minimizing ethylene exposure during cold
storage and transportation to delay senescence and decay.

3.2. Respiration and Transpiration Dynamics

Respiration is the primary metabolic process dictating postharvest longevity, involving
the oxidative metabolism of carbohydrates, organic acids, and other respiratory substrates
into CO,, water, and energy, thereby sustaining essential cellular processes after detachment
from the plant. In berries, the rate of respiration increases exponentially with temperature—
doubling for every 10 °C rise between 0 and 20 °C (Q; ~ 2)—making temperature control
the single most effective tool for maintaining postharvest quality [91-93].

Postharvest handling must also consider transpiration, which results in mass loss
and wilting due to the thin epidermis and open stomatal pores, particularly in straw-
berries and raspberries. Water loss of merely 3-5% can lead to visible shriveling and
firmness loss, negatively affecting consumer acceptance. Maintaining relative humidity
between 90 and 95% and minimizing air circulation are essential to avoid dehydration
while preventing condensation that fosters fungal growth [13,94-96].

Modified and controlled atmosphere storage (MAP/CA) that reduces O, (2-5%) and
elevates CO, (10-15%) levels can slow respiration and microbial growth without inducing
fermentation [46,49,97-99]. However, excessive CO; (>20%) may cause off-flavors and
tissue damage, emphasizing the need for optimized gas balances tailored to specific species
and cultivars [65,100].

https://doi.org/10.3390/horticulturae12010019
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3.3. Ethylene Sensitivity and Hormonal Regulation

Although berries are classified as non-climacteric, ethylene modulates several aspects
of ripening and senescence. In strawberries, the expression of ethylene biosynthesis genes
(FaACS and FaACO) increases during late ripening, influencing aroma compound for-
mation and abscission [50,77,90]. In blueberries, exogenous ethylene has been shown to
accelerate softening by stimulating cell wall-degrading enzymes such as 3-galactosidase
and expansin [52,53].

Cross-talk between ethylene, abscisic acid (ABA), and auxins are critical to regu-
lating color and firmness. ABA is recognized as the major promoter of berry ripening,
triggering anthocyanin accumulation via activation of MYB-bHLH-WDA40 transcription
complexes [61,101]. Conversely, auxin gradients contribute to the spatial and temporal con-
trol of cell expansion, explaining cultivar-dependent differences in texture and shape [76].
Understanding these hormonal interactions provides opportunities for developing targeted
preharvest treatments or postharvest inhibitors to modulate ripening kinetics without
chemical residues.

3.4. Mechanical Damage and Physiological Disorders

Due to their delicate structure, berries are particularly prone to mechanical injuries dur-
ing harvest, grading, and packaging. Even minimal pressure can rupture epidermal cells, re-
leasing phenolic substrates that oxidize rapidly in the presence of polyphenol oxidase (PPO)
and peroxidase (POD), resulting in browning and off-flavor formation [41,42,102,103]. Me-
chanical stress also facilitates pathogen entry, especially by Botrytis cinerea, which can
infect microlesions and remain latent until cold storage [15,18,40,69].

Minimizing drop height, using soft-handling systems, and employing clamshell pack-
aging designed for airflow and cushioning are proven strategies to reduce bruising. Recent
advances include the application of smart packaging materials embedded with vibration
sensors or mechanical shock indicators to monitor fruit integrity throughout distribu-
tion chains [46,97]. Such digital approaches complement traditional physical protection
methods and can provide early warnings for logistic optimization [70,104].

3.5. Biochemical Stability: Color, Aroma, and Antioxidants

The sensory and nutritional quality of berries is closely tied to the stability of an-
thocyanins, phenolics, and aroma volatiles. Anthocyanins are highly sensitive to pH,
temperature, and light, undergoing degradation to colorless chalcones or brown polymers
through oxidation and condensation reactions [64,65]. Losses during storage have been
widely reported in strawberries, raspberries, and blueberries [8,11,43].

Ascorbic acid degradation is another key indicator of biochemical quality. Its decline
not only reduces nutritional value but also accelerates oxidative discoloration by diminish-
ing antioxidant capacity [64,80,81,105]. Coatings enriched with natural antioxidants (e.g.,
chitosan, aloe vera, or green tea extracts) have been shown to mitigate vitamin C losses by
forming semi-permeable films that regulate O, exchange [81,106-110].

Volatile compounds, which define berry aroma, are among the most labile quality
attributes. Alcohols, esters, and terpenes decline significantly during storage, particu-
larly at suboptimal temperatures or under anaerobic conditions. For instance, the loss
of furaneol and linalool in strawberries is directly correlated with declining consumer
acceptability [8,38]. Maintaining volatile integrity thus requires an equilibrium between
low-temperature preservation and controlled gas composition that avoids anaerobiosis.

https://doi.org/10.3390 /horticulturae12010019
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3.6. Microbiological Deterioration and Pathogen Dynamics

Microbial decay is one of the main causes of postharvest losses in berries, accounting
for up to 40% of total production waste under suboptimal handling or storage conditions.
The high-water activity, delicate epidermis, and abundance of simple sugars create an
ideal substrate for fungal and yeast proliferation. The predominant spoilage organisms
are filamentous fungi such as Botrytis cinerea (gray mold), Rhizopus stolonifer, Alternaria
alternata, and Colletotrichum acutatum, as well as spoilage yeasts belonging to Candida,
Metschnikowia, and Pichia genera [15,17,18,65,69]. Among these, B. cinerea is the most
economically damaging pathogen across berry species, capable of infecting flowers and
fruits at early developmental stages and remaining latent until postharvest conditions favor
sporulation [111-113].

The incidence and severity of fungal infection are highly dependent on environmental
and physiological factors. Mechanical injuries sustained during harvest and handling
provide entry points for pathogens, while elevated humidity and condensation during
cold storage promote spore germination. Temperature fluctuations that interrupt the cold
chain accelerate mycelial growth and compromise the efficacy of modified-atmosphere
systems. In addition, the endogenous microbiota of the fruit surface can influence disease
outcomes by competitive exclusion or metabolic antagonism [114,115]. Beneficial epiphytic
microorganisms, including lactic acid bacteria and non-pathogenic yeasts, can suppress
pathogenic colonization through nutrient competition and the production of antifungal
metabolites [116,117].

Recent metagenomic analyses have revealed that the berry surface hosts a complex
microbiome whose composition varies by cultivar, geographic origin, and agricultural prac-
tice [23]. Sustainable disease management, therefore, increasingly considers microbiome
manipulation as a component of postharvest quality control. Treatments that maintain
microbial diversity—such as mild washing, controlled humidity, and the avoidance of
aggressive chemical sanitizers—help preserve natural antagonists and delay spoilage onset.

Emerging research also highlights the interplay between physiological stress and
microbial infection [118]. Water loss and tissue softening expose internal tissues, while
enzymatic degradation of the cell wall releases sugars and organic acids that fuel pathogen
growth. In parallel, oxidative stress associated with ripening and senescence can weaken
defense responses, facilitating infection [119,120]. This dynamic relationship underscores
that microbiological deterioration is not an isolated event but an outcome of physiological
decline and environmental imbalance.

Effective mitigation of postharvest spoilage thus depends on integrating microbi-
ological understanding with technological intervention. Approaches such as UV-C ir-
radiation, ozone treatment, and biological coatings—which will be discussed in later
sections—target microbial populations without compromising fruit quality or leaving
residues [21,46,63,121,122]. Continued investigation into the functional ecology of berry-
associated microbiota promises to inform new strategies for sustainable, microbiome-based
preservation systems.

3.7. Integrative Perspective

The determinants of berry shelf life are highly interconnected and cannot be inter-
preted in isolation. Physiological, biochemical, and microbiological processes operate
simultaneously and interactively from the moment of harvest until consumption. Respi-
ration and transpiration drive metabolic energy demand and water loss, while hormonal
fluctuations involving ethylene and abscisic acid regulate ripening and senescence. Me-
chanical damage during harvesting and handling exposes internal tissues, accelerating
oxidative reactions and releasing substrates that favor microbial colonization. These physi-
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ological injuries also alter gas exchange and local humidity, creating microenvironments
that facilitate fungal and bacterial growth [94,123].

The microbial dimension amplifies these processes by converting damaged tissues into
nutrient-rich niches, while host responses to infection further modify metabolic activity and
tissue integrity. For example, the activation of oxidative defense mechanisms in response
to Botrytis cinerea infection often leads to localized browning and softening, which in turn
intensifies water loss and respiration [124]. Consequently, fruit deterioration results from a
feedback loop in which physiological decline and microbial invasion reinforce each other.

Understanding this interplay underscores the necessity of integrated approaches to
postharvest management. Strategies that simply target one aspect—such as refrigeration or
chemical fungicides—cannot ensure durable preservation if the underlying physiological
or microbial drivers remain unaddressed. Instead, effective preservation depends on
synchronizing temperature and humidity control with the maintenance of tissue integrity,
hormonal balance, and surface microbiome stability.

This integrative vision provides the conceptual bridge between the biological mecha-
nisms described here and the technological interventions discussed in subsequent sections.
It highlights that advances in storage technologies, biological control, and non-thermal
treatments are most effective when grounded in a systemic understanding of berry phys-
iology and microbial ecology. Such a perspective transforms postharvest management
from a series of isolated technical adjustments into a coordinated biological and technolog-
ical continuum designed to sustain quality, safety, and nutritional value throughout the
supply chain.

3.8. Species-Oriented Synthesis of Physiological, Microbiological, and Postharvest Determinants

Although the physiological, biochemical, and microbiological determinants of berry
postharvest behavior share common mechanistic foundations, their relative importance and
expression vary markedly among berry species, resulting in substantial differences in shelf
life, decay incidence, and sensitivity to storage conditions. Species such as strawberries
(Fragaria x ananassa) and raspberries (Rubus idaeus L.) exhibit extremely high postharvest
vulnerability due to their soft tissues, thin cuticles, high respiration rates, and elevated
water activity, which collectively favor rapid softening and fungal development. In con-
trast, blueberries (Vaccinium spp.) and cranberries (Vaccinium macrocarpon Aiton) generally
display improved storability, associated with firmer tissues, thicker cuticles, lower respira-
tion rates, and higher organic acid content, which constrain microbial growth and delay
physiological deterioration.

These intrinsic, species-dependent traits condition not only baseline postharvest sta-
bility but also the efficacy and limitations of preservation strategies, helping to explain
the variable responses of different berry species to identical storage regimes or posthar-
vest treatments. A comparative overview of key physiological characteristics, dominant
spoilage microorganisms, typical postharvest sensitivity, and principal storage limitations
across major and minor berry species is provided in Supplementary Table S1, supporting
cross-species interpretation of postharvest behavior.

The complex interactions between intrinsic fruit traits, biochemical composition, mi-
crobial ecology, and postharvest deterioration pathways are conceptually summarized in
Figure 2 (above), which integrates the mechanistic relationships discussed in this section.
Together, this synthesis highlights the need for species-adapted postharvest strategies,
rather than uniform approaches, to effectively reduce losses and preserve berry quality.
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4. Preharvest Factors and Cultural Improvements Influencing
Postharvest Quality

Preharvest conditions exert a defining influence on the postharvest performance
of berries. Cultivar genetics, field management, environmental factors, and agronomic
interventions shape fruit morphology, biochemical composition, and susceptibility to
physiological disorders [4,59,125]. As illustrated in Figure 3, key preharvest factors—
including nutrient supply, irrigation strategy, canopy structure, pest and disease pressure,
and the use of biostimulants—determine the physiological status of berries at harvest and
therefore their firmness, antioxidant capacity, and microbial resilience [14,126].

Genetics & Water & Nutrition & Biostimulants Digital &
Breeding Irrigation Mineral & Elicitors Climate-Smart
Management Fertilization Systems

| I I J
Preharvest Factors and Cultural Improvements
Influencing Postharvest Quality

Nutrition Canopy & Light Pest and
& Mineral Management Disease Mana-
Fertilization gement

Figure 3. Overview of the major preharvest factors determining berry postharvest quality.

In the following section, we describe how advances in breeding, targeted nutrition,
water management, biostimulant application, canopy optimization, and integrated pest
control contribute to greater postharvest stability. Together, these approaches are redefining
berry production toward systems that combine productivity with improved shelf life
and sustainability.

4.1. Genetic and Breeding Improvements

Genetic background exerts the strongest influence on berry texture, firmness, and
biochemical composition. Traditional breeding has long selected for yield and flavor, but
recent programs incorporate postharvest traits—such as skin thickness, cuticle composition,
and antioxidant stability—into genomic selection indices [58].

For example, strawberry cultivars such as ‘Albion’, ‘San Andreas’, and ‘Mon-
terey’ exhibit significantly higher firmness and lower postharvest decay than older
genotypes [127,128]. In blueberries, quantitative trait loci (QTL) linked to firmness and
delayed softening have been identified on chromosomes 3 and 10, guiding marker-assisted
breeding [58].

New genomic tools—genome-wide association studies (GWAS), CRISPR/Cas9, and
transcriptomic profiling—enable fine-tuning of traits such as cuticular wax synthesis,
phenylpropanoid metabolism, and pathogen resistance. CRISPR-mediated editing of
ethylene-related genes has successfully delayed softening in strawberries without compro-
mising sensory properties [129].

Despite these advances, regulatory and consumer acceptance barriers still constrain
field application of gene-edited cultivars in Europe. Nonetheless, genomic information is
now routinely integrated into breeding pipelines to guide the selection of cultivars naturally
optimized for extended postharvest performance [130,131].

4.2. Irrigation and Water Management

Water availability directly affects berry size, firmness, and biochemical composition.
Both deficit irrigation and excessive watering can compromise postharvest quality [96,126].
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Moderate regulated deficit irrigation (RDI) applied during late fruit development enhances
total soluble solids and anthocyanin content, improving flavor and antioxidant capacity
without affecting yield [132,133].

However, severe water stress leads to smaller fruits and increased cuticle cracking, re-
ducing marketability [134]. Drip irrigation systems with soil moisture sensors allow precise
scheduling that balances yield and quality. Controlled water stress has been particularly
effective in blueberries and raspberries, where mild dehydration stimulates secondary
metabolism and enhances pigment intensity [126,135].

Emerging techniques such as partial root-zone drying (PRD) are under study to opti-
mize water use efficiency while maintaining fruit firmness and nutritional quality [136,137].

4.3. Mineral Nutrition and Fertilization Strategies

Nutrient management influences both fruit composition and structural integrity. Cal-
cium (Ca) is the most critical element for postharvest firmness because it strengthens cell
walls and membranes by forming calcium pectates in the middle lamella [138,139]. Pre-
harvest foliar sprays with CaCl, or Ca-lactate significantly increase firmness and reduce
leakage in fruits, as have been documented [140-143].

Potassium (K) and magnesium (Mg) are essential for sugar transport and color de-
velopment, while excessive nitrogen (N) fertilization promotes soft, water-rich tissues
more prone to decay [144-146]. Micronutrients such as silicon (5i) and zinc (Zn) are being
explored as fortifiers to enhance mechanical resistance and oxidative stability [147-149].

Organic fertilization systems that improve soil microbiota diversity (e.g., compost or
biochar amendments) also enhance nutrient uptake efficiency and phenolic biosynthesis,
providing both environmental and qualitative benefits [150-152].

4.4. Biostimulants and Elicitors

The use of biostimulants [153,154]—including seaweed extracts, humic acids, protein
hydrolysates, and microbial consortia—has expanded rapidly in berry cultivation as tools
to improve resilience and fruit quality [155]. For instance, foliar applications of Ascophyllum
nodosum extracts increase anthocyanin concentration and firmness in strawberries, while
microbial inoculants such as Bacillus subtilis and Trichoderma harzianum enhance antioxidant
content and disease tolerance [156,157].

Similarly, elicitors such as salicylic acid, jasmonic acid, and chitosan stimulate cereals
and fruits defense responses, leading to thicker cuticles and higher phenolic accumula-
tion [158,159]. These preharvest biochemical defenses often translate into better storability
and reduced postharvest decay. Integration of biostimulants with precision irrigation and
nutrition programs is a promising avenue for sustainable intensification.

4.5. Canopy Management and Light Modulation

Light intensity and spectral quality significantly influence pigment synthesis and fruit
microclimate [160]. Shading nets with different spectral properties—particularly red and
blue photoselective films—modulate anthocyanin and flavonol biosynthesis while reducing
heat stress. In blueberries, 20-30% shading increased firmness and decreased fruit tempera-
ture by up to 3 °C, thereby lowering respiration rates and postharvest softening [161-163].

Pruning, training systems, and plant density also determine canopy ventilation, dis-
ease incidence, and uniform ripening. Open canopies facilitate airflow and reduce hu-
midity around fruit clusters, minimizing gray mold infection [18,112]. The integration of
canopy-level sensing technologies—including PAR sensors, multispectral imaging, and
drone-based remote sensing—is rapidly expanding. These tools enable real-time assess-
ment of light distribution, canopy vigor, and temperature hotspots, providing opportunities
for precision light management and more accurate yield forecasting [82,164].
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4.6. Integrated Pest and Disease Management

Fungal pathogens such as Botrytis cinerea, Colletotrichum acutatum, and Alternaria
alternata are among the principal causes of pre- and postharvest losses in berry crops. Their
management is increasingly shifting from reliance on synthetic fungicides toward biological
control agents (BCAs), driven by regulatory restrictions and the demand for residue-free
fruit in export markets [18,112].

Preharvest applications of antagonistic yeasts, lactic acid bacteria, and chitosan-based
formulations have demonstrated strong efficacy in reducing field inoculum and suppress-
ing latent infections that typically manifest during storage [165-167]. These biological
treatments complement postharvest interventions and are particularly valuable in raspber-
ries and strawberries, where infection by Botrytis and Colletotrichum often originates in the
canopy before harvest [17,69,106].

Recent advances highlight the importance of induced systemic resistance (ISR) as a
cornerstone of sustainable disease control. Beneficial microorganisms—including species
of Bacillus, Pseudomonas, and Trichoderma—can activate plant defense pathways, enhance
antioxidant enzyme activity, and limit pathogen colonization through both direct antag-
onism and immune priming [168-170]. ISR-based strategies provide a biological bridge
between preharvest protection and improved postharvest performance.

Beyond spoilage fungi, berries are also vulnerable to contamination by foodborne
pathogens such as Listeria monocytogenes, Salmonella enterica, and Escherichia coli O157:H7.
Microorganisms can enter during pre-harvest through contaminated irrigation water or
soil and may remain on fruit surfaces during post-harvest handling. Because berries are
often consumed fresh and unpeeled, even low contamination levels pose significant public
health risks [171,172]. Conventional chlorine-based sanitizers are being phased out due to
regulatory and environmental concerns, prompting interest in non-thermal and residue-free
decontamination technologies [122,173].

4.7. Digital and Climate-Smart Cultivation Practices

Digital agriculture technologies—including IoT sensor networks, remote and multi-
spectral imaging, and Al-driven decision-support tools—are transforming berry cultivation
into a data-centered production system. Continuous monitoring of environmental and
physiological variables such as temperature, humidity, soil moisture, canopy vigor, and
stress indicators enables precise control of fertigation, irrigation scheduling, and pest man-
agement, enhancing resource efficiency and improving fruit uniformity [82,164]. These
digital tools also support predictive modeling for early detection of stress or disease risks,
facilitating timely interventions and reducing preharvest variability that compromises
postharvest quality.

Climate-smart cultivation practices are increasingly adopted to buffer climatic vari-
ability and reduce disease pressure. Protected environments—such as high tunnels, green-
houses, and semi-controlled structures—are rapidly expanding in both Northern and
Southern Europe [174-176]. These systems allow season extension, improved tempera-
ture regulation, and reduced pathogen exposure while enabling the fine adjustment of
irrigation, nutrition, and microclimate parameters. Hydroponic and soilless substrates
further enhance control over root-zone conditions, increasing water-use efficiency and
contributing to more predictable fruit quality at harvest [177-179]. Although these systems
typically require higher capital investment and energy use, they offer substantial gains
in yield stability, consistency, and postharvest performance under increasingly variable
climate conditions.
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4.8. Critical Overview

Collectively, pre-harvest innovations are redefining berry production from yield-
oriented to quality-oriented systems. Cultivar selection, nutrient balance, and biostimulant
use interact with environmental and technological factors to determine the physiological
state of fruits at harvest—a determinant that no postharvest technology can fully com-
pensate for if neglected. Future research must focus on the genotype x environment
X management nexus, using integrative omics and precision tools to predict and control
fruit quality trajectories. Such advances will enable growers to produce berries optimized
not only for consumer appeal but also for logistical endurance and sustainable value chains.

5. Postharvest Technologies and Pretreatments

Postharvest technologies for berries aim to preserve firmness, color, nutritional value,
and microbiological safety while minimizing physiological stress and decay. Because of
their extreme perishability, berries require rapid cooling, optimized atmospheric condi-
tions, and carefully selected physical or biochemical interventions to slow respiration,
reduce water loss, and suppress pathogen development. Recent advances increasingly
integrate non-thermal technologies, intelligent packaging, and biochemical pretreatments,
contributing to more sustainable and residue-free postharvest systems [21,22].

Given their inherently high respiration and transpiration rates, berries are particularly
susceptible to softening, dehydration, and microbial breakdown. Immediate precooling and
strict maintenance of an uninterrupted cold chain remain essential for preserving fruit qual-
ity [94]. However, emerging approaches—such as edible coatings, modified-atmosphere
packaging (MAP), advanced sanitization methods, and smart monitoring systems—provide
additional layers of protection and quality stabilization. Figure 4 provides an overview of
the major postharvest technologies discussed in this section, illustrating how cold-chain
management, atmosphere modification, edible coatings, non-thermal sanitization, high-
pressure and electrical treatments, and integrated multi-hurdle systems collectively support
berry preservation.

Cold-Chain MAP / Controlled
Management Atmosphere

¢ Rapid pracooling Respiration control
* Temperature stability oz Fermentation

* |oT monitoring (€0)3] prevention
Edible \\// \/ &
Coatings & A f 2
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e
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Figure 4. Major postharvest technological interventions supporting berry quality and shelf life.

For clarity and cross-study comparison, Supplementary Table S2 provides a structured
overview of the main non-thermal postharvest technologies applied to berry fruits, detailing
representative processing conditions, microbial inactivation levels, and associated impacts
on sensory and quality attributes. In the subsections that follow, each of these technologies
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is examined in detail, outlining their principles, advantages, limitations, and roles within
modern, sustainable postharvest management frameworks.

5.1. Conventional and Smart Cold-Chain Management

Immediate pre-cooling after harvest remains the single most critical intervention for
preserving berry quality. Forced-air, hydro-cooling, and vacuum-cooling systems rapidly
remove field heat, lowering respiration and transpiration rates and slowing the metabolic
reactions responsible for softening and decay [37,180,181]. For strawberries and raspberries,
storage at 0-2 °C with 90-95% relative humidity generally maintains acceptable market
quality for 5-7 days, whereas blueberries—owing to their lower respiration rate and thicker
cuticle—may retain quality for 2-3 weeks under similar conditions [182-184]. Even short
delays in pre-cooling have severe consequences: postponing cooling by only 34 h can
increase respiration by more than 40%, greatly accelerating moisture loss and promoting
Botrytis cinerea development. Timely temperature pull-down is therefore non-negotiable
for preserving fruit integrity [185]. Innovations such as vacuum cooling, slurry-ice, and
ice-spray systems improve cooling uniformity, especially in bulk-packed or densely loaded
containers [186,187]. Nevertheless, temperature and humidity fluctuations during distribu-
tion remain among the leading causes of physiological stress, condensation, and microbial
proliferation. Even deviations of 2-3 °C during transport can sharply increase respiration,
enhance weight loss, and reduce storage potential. Preventing these fluctuations is cen-
tral to maintaining firmness, color stability, and microbial safety throughout the storage
period [188].

To achieve this, the sector is transitioning from conventional monitoring to smart
cold-chain systems integrating wireless sensors, data loggers, and loT-enabled platforms.
Real-time measurements of temperature, relative humidity, and atmospheric composition
at the pallet or package level offer unprecedented control over transport and storage
environments. RFID tags, cloud-linked monitoring systems, and automated alerts now
provide continuous traceability, enabling rapid intervention when cold-chain deviations
occur [189-191].

Beyond basic environmental monitoring, predictive quality-control technologies are
emerging as transformative tools in berry supply chains. Recent advances demonstrate
that machine-learning models can accurately predict weight loss, softening, and deterio-
ration based on storage temperature, humidity, and initial fruit physiology, as shown for
blueberries [45,188] and other fruits [72]. In parallel, digital-twin simulations have been
successfully applied to strawberry logistics, enabling virtual optimization of ventilation,
cooling behavior, and moisture dynamics throughout transport [71]. These predictive
systems provide actionable insights that support dynamic logistics decisions, allowing
growers and distributors to reroute shipments, adjust storage atmospheres, or prioritize
marketing channels before irreversible quality loss occurs [44,93].

The integration of these analytical tools with IoT-based monitoring technologies fur-
ther strengthens supply-chain resilience. Wireless sensors, RFID platforms, and real-time
data loggers—now increasingly common in fresh-produce logistics—enable continuous
tracking of temperature, humidity, and gas composition from harvest to retail [70,104]. Such
systems provide early alerts for cold-chain deviations, reducing the likelihood of condensa-
tion, microbial proliferation, and physiological stress. Broader digital agriculture frame-
works, including smart-sensor networks and cloud-connected decision platforms [82,164],
offer complementary support by improving traceability and facilitating automated quality
assurance across all supply-chain nodes. Although blockchain is not yet widely imple-
mented in berry logistics, it is increasingly proposed as an extension of these IoT-enabled
traceability infrastructures [192].
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Together, the integration of rapid pre-cooling, stable temperature management, and
intelligent digital monitoring marks a transition from reactive quality control toward proac-
tive, predictive preservation—an essential advancement for maintaining the postharvest
quality of highly perishable berries.

5.2. Modified and Controlled Atmosphere Packaging (MAP/CA)

Controlled-atmosphere (CA) and modified-atmosphere packaging (MAP) systems
are among the most effective tools for extending the shelf life of berries by reducing O,
and elevating CO, concentrations around the fruit. Atmospheres containing approxi-
mately 2-5% O, and 10-15% CO, slow respiration, delay softening, and suppress fungal
development without triggering anaerobic metabolism [46,47,193]. When properly opti-
mized, elevated CO, levels can substantially reduce Botrytis cinerea incidence and modulate
cell-wall-degrading enzymes, thereby improving firmness retention in strawberries and
blueberries [65,91]. Similar benefits have been demonstrated in other berries: mulberries
stored under MAP show reduced weight loss, firmer texture, and slower pigment degrada-
tion, while sea buckthorn berries exhibit better oxidative stability and color preservation
under tailored atmospheric conditions [194].

Atmosphere requirements, however, are strongly species- and cultivar-dependent.
Blueberries exhibit relatively high tolerance to elevated CO, and benefit from CO, shock
treatments that reduce softening and extend shelf life [37,91]. In contrast, raspberries
are highly sensitive to CO; injury, developing off-flavors, excessive softening, and dark-
ening above ~20% CO,. Studies combining MAP with UV-C irradiation in raspberries
demonstrate synergistic effects, including reduced decay incidence and improved antioxi-
dant retention, suggesting that MAP effectiveness can be enhanced through compatible
non-thermal pretreatments [193]. Strawberries exhibit intermediate CO; tolerance: while
enriched CO, atmospheres suppress decay, concentrations exceeding physiological thresh-
olds may induce internal browning or discoloration [92,97].

Recent advances in packaging engineering have enabled more precise modulation
of in-package gas composition. Perforation-optimized polymer films, humidity-buffering
clamshells, and nano-permeable membranes now allow dynamic gas exchange that re-
sponds to fruit respiration rates and temperature fluctuations, supporting more stable equi-
librium atmospheres throughout distribution [47,93]. Further refinement has been achieved
through equilibrium modified atmosphere packaging (EMAP), in which engineered films
with customized O, /CO, permeability and selectivity maintain stable microatmospheres
tailored to the commodity. EMAP systems designed for strawberries have shown superior
decay control, improved firmness retention, and greater shelf-life predictability, validated
through both theoretical modeling and practical storage trials [195].

As MAP technologies evolve, the consumer dimension is becoming increasingly in-
fluential. Perceptions of packaging safety, sustainability, and environmental responsibility
play an important role in shaping market adoption. A recent study of Portuguese con-
sumers highlighted growing expectations for packaging that is non-toxic, traceable, and
environmentally friendly, alongside strong preferences for renewable or biodegradable
materials [196]. These emerging societal pressures are driving innovation toward MAP
solutions that combine functional preservation performance with sustainability-focused
material choices.

Building on these advances, smart-MAP systems represent the next technological fron-
tier. Integrating micro-sensors, gas analyzers, and IoT connectivity, these systems enable
real-time monitoring of O, /CO; ratios, temperature, humidity, and volatile compounds
during storage and transport. When coupled with machine-learning algorithms and digital-
twin models, smart-MAP systems can predict spoilage kinetics, autonomously adjust gas
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composition, and optimize logistic decisions such as rerouting, shelf-life forecasting, and
retail prioritization [71,72]. These adaptive, data-driven systems enhance stability, reduce
waste, and strengthen traceability, aligning closely with both industry sustainability targets
and evolving consumer expectations.

5.3. Edible Coatings and Biopolymer Films

Edible coatings function as semi-permeable barriers regulating the transfer of gases
and moisture between berries and their surrounding environment. By reducing oxygen
ingress, limiting transpiration, and modulating ethylene and CO, exchange, coatings ef-
fectively delay oxidation, dehydration, softening, and pathogen colonization. Biopolymer
matrices such as chitosan, alginate, cellulose derivatives, and pullulan are among the
most widely studied due to their biodegradability, biocompatibility, and film-forming
capacity [109,197,198]. Chitosan is particularly valued for its intrinsic antifungal activity,
which disrupts fungal cell walls and inhibits pathogens such as Botrytis cinerea and Rhizopus
stolonifer [17,69]. Its functionality can be further enhanced by incorporating essential oils
(cinnamon, thyme, clove), plant phenolics, or organic acids, which broaden antimicro-
bial spectra and improve oxidative stability [109,199]. These enriched coatings also help
maintain berry firmness, delay color degradation, and extend marketable shelf life.

The combination of polymers often yields superior performance. Pullulan—chitosan,
alginate-LAB (lactic acid bacteria), and nanocellulose-reinforced starch films have demon-
strated improved mechanical strength, moisture barrier properties, and antimicrobial
activity. These composites have extended the shelf life of strawberries, blueberries, and
cherries by 30-50% relative to untreated controls while preserving antioxidant capacity and
sensory quality [105-107,200].

Coatings may also act as delivery systems for antioxidants (ascorbic acid, catechins,
anthocyanin-rich extracts) or natural antimicrobials, creating synergistic interactions that
protect both quality attributes (firmness, color, aroma) and nutritional value [201-203].

Recent innovations include polysaccharide-based smart films, stimuli-responsive
coatings, and active packaging systems capable of modulating permeability or releasing
antimicrobials based on environmental triggers [109,198]. Advances in nanostructured
biopolymers enhance transparency, reduce brittleness, and optimize gas-selectivity profiles,
addressing some of the longstanding limitations of edible films. These developments are
complemented by “clean-label” formulations using natural extracts, probiotic cultures, or
food-grade emulsifiers to meet EU sustainability guidelines and consumer preferences for
safe, low-residue preservation technologies [196].

5.4. Ultraviolet-C (UV-C) Irradiation, Ozone, and Cold Plasma

Ultraviolet-C (UV-C) irradiation (200-280 nm) has emerged as a highly effective
residue-free technology for controlling postharvest decay in fruits [204]. Low-dose expo-
sures of 1-3 kJ-m 2 significantly reduce Botrytis cinerea incidence while triggering induced
resistance mechanisms, including elevated phenolic biosynthesis and antioxidant enzyme
activity [205-207]. In berries, UV-C pretreatments have delayed fungal proliferation by up
to 80% after 7 days at 4 °C, with a corresponding 25% increase in total phenolics. Blueberries
subjected to similar doses exhibit improved firmness, enhanced anthocyanin accumulation,
and maintained sensory acceptability during cold storage [208-210]. Despite these benefits,
UV-C requires careful management. Excessive irradiation may cause surface browning,
tissue dehydration, or photochemical damage. Because berry surfaces are irregular, achiev-
ing uniform exposure is essential for consistent microbial inactivation. To address these
constraints, pulsed UV systems, which deliver brief high-intensity bursts of energy and
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treatments in preharvest stages are being explored to improve microbial lethality while
reducing overall treatment time and limiting heat load [211].

Ozone is a highly reactive triatomic oxygen molecule with well-documented oxidative
and antimicrobial properties. It disrupts microbial membranes, denatures proteins, oxidizes
cellular components, and inactivates fungal spores—all without leaving harmful chemical
residues [212,213]. In berry systems, gaseous ozone applied at 0.3-0.5 ppm for 15-30 min
has effectively suppressed Botrytis cinerea and Penicillium expansum, reducing decay during
cold storage [214]. Recent research reinforces the dual antimicrobial and elicitor roles
of ozone across multiple berry species. In Andean blackberries (Rubus glaucus), low-
dose gaseous ozone functions as an elicitor of health-promoting metabolites, significantly
increasing concentrations of anthocyanins, phenolic compounds, and antioxidant activity
without inducing notable tissue damage [215]. Comparable effects have been documented
in Chinese bayberry (Myrica rubra), where aqueous ozone treatments reduced microbial
loads, delayed color degradation, and extended shelf life while maintaining firmness,
supporting the feasibility of both gaseous and aqueous ozone applications [216]. Studies on
juniper berries demonstrate that ozone applied under dynamic bed conditions can elevate
levels of biologically active compounds, including polyphenols and flavonoids, suggesting
that ozone-induced oxidative stimuli can beneficially influence secondary metabolism [217].
These characteristics underscore ozone’s suitability as a residue-free antimicrobial tool,
aligning with market demands for minimally processed fresh fruit and reduced chemical
inputs [207,218].

Cold plasma (CP) is a promising non-thermal technology for postharvest sanitation
of fruits, offering strong antimicrobial action without leaving chemical residues [219]. In
berries such as strawberries and blueberries, short CP treatments—typically 1-3 min—
produce 2—4 log reductions in total microbial load while preserving key quality attributes,
including firmness, color, and flavor [220,221]. This high efficacy is attributed to the reactive
oxygen and nitrogen species (RONS) generated during plasma discharge, which rapidly
inactivate decay-causing fungi and surface-associated bacteria.

Studies applying CP to fresh berries consistently show significant reductions in Botry-
tis cinerea and other spoilage organisms, with minimal detrimental effects on tissue in-
tegrity [222]. Recent work also suggests that CP may help delay softening and maintain
antioxidant properties when doses are carefully optimized, though these physiological
responses remain species- and treatment-dependent [223].

Cold plasma is particularly suited to berries due to their delicate epidermis and irreg-
ular surface topography, where conventional sanitizers often fail to achieve full coverage.
CP’s compatibility with low temperatures further preserves the sensory traits that are easily
damaged by heat-based methods [219,224].

5.5. High-Pressure, Electrolyzed Water and Pulsed Electric Field Processing

High-pressure processing (HPP) is widely recognized for its ability to inactivate
microorganisms and degradative enzymes without the thermal damage associated with
conventional heat treatments [225,226]. Broader evaluations of HPP in plant foods show
that pressures in the range of 300-400 MPa can slow enzymatic activity and maintain
antioxidant stability during storage without inducing severe tissue damage, whereas
pressures above 500-600 MPa typically compromise cell structure [227,228]. These findings
suggest that moderate-pressure strategies could be explored as a means of extending
berry shelf life, particularly for species with firmer epidermal tissues, such as blueberries
and lingonberries.

Nevertheless, when applied specifically to whole fresh berries, the evidence remains
limited, as the technology has primarily been adopted for berry-based juices, purées,
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and semi-processed products rather than intact fruit [229,230]. This restricted application
is largely due to the delicate structure of berries, which can undergo tissue damage or
excessive softening when exposed to very high pressures. Nevertheless, the insights
gained from studies on berries and other soft fruits demonstrate the potential of HPP as a
postharvest tool under optimized conditions [231].

Electrolyzed water (EW), produced through the electrochemical activation of diluted
salt solutions to generate hypochlorous acid (HOCI) and reactive oxidative species, has
gained considerable attention as a residue-free, non-thermal sanitizer for postharvest
fruits [232]. Its broad-spectrum antimicrobial activity, low chemical footprint, and compati-
bility with fresh-like quality make EW particularly suitable for delicate berries, which are
highly susceptible to contamination yet intolerant of harsh sanitizing procedures [233-235].

Electrolyzed water (EW) has proven effective in reducing microbial contamination on
highly perishable berries while preserving their delicate quality attributes. In strawber-
ries, EW treatments significantly lower spoilage fungi and foodborne pathogens without
affecting firmness, color, or flavor, offering microbial reductions comparable to or greater
than conventional chlorine sanitizers but without chemical residues [236]. Blueberries
similarly benefit from EW applications, which reduce Botrytis cinerea and bacterial loads
while maintaining the integrity of the waxy cuticle essential for moisture retention and
firmness [237,238]. Overall, EW provides an effective, residue-free sanitation option that
supports microbial safety while preserving the natural sensory and structural traits of fresh
berries [239].

Pulsed electric field (PEF) processing is a non-thermal preservation technology based
on the application of short, high-voltage electrical pulses that induce electroporation of cell
membranes [240]. In berry fruits, PEF treatments have been explored primarily to enhance
microbial inactivation, improve mass transfer, and facilitate downstream processing while
minimizing thermal damage to texture, color, and bioactive compounds [241,242]. At
moderate field strengths, PEF can increase membrane permeability without extensive
tissue disruption, thereby supporting quality retention and improving the efficiency of
subsequent preservation or extraction steps [243]. Although its application to whole fresh
berries remains limited at commercial scale, PEF represents a promising complementary
technology within integrated, low-temperature postharvest and processing strategies.

Taken together, high-pressure processing (HPP), electrolyzed water (EW), and pulsed
electric field (PEF) represent complementary, clean-label, non-thermal technologies whose
relevance is increasing within integrated and low-temperature processing pipelines. When
appropriately optimized and combined, these approaches offer synergistic potential to
enhance microbial safety, preserve sensory and nutritional quality, and support the efficient
valorization of berry products and by-products, aligning postharvest innovation with
zero-waste and sustainability objectives.

5.6. Toward Integrated “Hurdle” Systems

Postharvest management of berries is increasingly shifting from single-point interven-
tions toward integrated “hurdle” systems, in which multiple mild preservation technologies
act synergistically to suppress microbial spoilage, delay senescence, and maintain nutri-
tional quality [173,244]. This approach reflects a broader trend in fresh-produce technology,
where the combination of physical, biochemical, and digital preservation strategies en-
hances efficacy while reducing dependence on harsh chemical treatments [21,173].

Temperature management remains the foundational preservation hurdle, with rapid
pre-cooling and stable low-temperature storage essential for maintaining quality in highly
perishable fruits [57]. However, temperature control alone is insufficient for berries, which
are extremely vulnerable to microbial contamination and rapid softening. Integrating non-
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thermal preservation technologies—including ultraviolet-C irradiation, ozone, electrolyzed
water, and cold plasma—provides additional antimicrobial barriers without compromising
sensory properties [207,219,245-247].

Recent studies show that cold plasma, when combined with refrigerated storage, can
slow metabolic deterioration and extend strawberry shelf life by modulating stress-related
metabolite [221]. Likewise, ozone or UV-based treatments applied pre-packaging or during
storage reduce fungal inoculum in blueberries and raspberries while enhancing antioxidant
and defense-related pathways [121,209]. When applied sequentially or in combination,
these interventions generate multiple inhibitory pressures on spoilage organisms, lowering
the likelihood of microbial survival or regrowth [248-250].

Another critical hurdle involves advanced packaging technologies. Modern systems
incorporate sensors, loT-enabled monitoring, and predictive analytics to track gas com-
position, temperature, and humidity in real time, supporting more precise control of the
storage environment [70,251].

Collectively, these interconnected hurdles—temperature control, non-thermal sanitiza-
tion, and advanced packaging—constitute a cohesive multi-barrier preservation system
that improves shelf-life extension, microbial safety, and nutritional retention in fresh berries.
The integration of such technologies aligns with a broader movement toward sustainable,
low-residue, and data-driven postharvest frameworks designed to enhance both quality
and safety while reducing waste.

5.7. Critical Overview

The technologies outlined in this section offer a broad—though not exhaustive—view
of current postharvest strategies for berries. Despite their diversity, several principles
remain central. Temperature control is the primary preservation hurdle, providing the
foundation for all subsequent interventions. Building on this, multi-hurdle systems that
integrate mild physical, chemical, and digital approaches consistently achieve better preser-
vation outcomes than single treatments.

Effective application, however, requires product-specific optimization, as the physio-
logical and perishability characteristics of each berry species or cultivar demand tailored
solutions. Ultimately, the real-world adoption of these technologies depends on their
scalability, cost-effectiveness, and operational feasibility within commercial supply chains.

As innovation advances, aligning technological performance with sustainability goals—
including energy efficiency and waste reduction—will be essential. Collectively, these
insights highlight an ongoing transition toward more precise, adaptable, and sustainable
postharvest management frameworks for fresh berries.

6. Valorization of Berry By-Products and Circular Economy Approaches

Growing interest in sustainability and resource efficiency has accelerated the valoriza-
tion of berry processing residues. During juicing, puréeing, drying, or freezing, 25-35% of
total berry biomass becomes pomace—a mixture of skins, seeds, and cell-wall fragments
rich in polyphenols, dietary fibers, unsaturated lipids, and micronutrients [252]. Once
regarded as low-value waste, these by-products are now viewed as strategic raw materi-
als for high-value ingredients in food, cosmetic, and packaging applications [253]. Their
integration into circular-economy frameworks reduces environmental burdens, supports
zero-waste targets, and opens new economic opportunities across biorefinery, nutraceu-
tical, and biomaterials sectors [254]. Figure 5 provides a schematic overview of the main
valorization pathways, from green extraction to biorefinery-based fractionation and the
development of functional ingredients and bio-based materials. In the subsections that
follow, we examine these pathways in detail, discussing emerging extraction technologies,
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multifunctional pro-duct streams, and the challenges associated with scaling sustainable
valorization strategies [255,256].

3\
Biorefinery Based

Green : A
Fractionation

Extraction

B N\ /1 #

VALORIZATIONO
OF-BERRY
BY-PRODUCTS

Circular Economy
Approaches

Functional Food Bio-Based
and Cosmetic Materials
Ingredients

Figure 5. Main circular-economy pathways for the valorization of berry by-products.

From a postharvest systems perspective, the valorization of berry processing by-
products is intrinsically linked to quality retention and loss reduction beyond the fresh
fruit stage. During postharvest processing, technologies aimed at preserving high-value
components—such as phenolics, anthocyanins, dietary fiber, and seed oils—are critical
to prevent oxidative, thermal, and enzymatic degradation. Retention and stabilization
strategies, including low-temperature drying, freeze-drying, inert-atmosphere handling,
microencapsulation, and mild green extraction processes (e.g., ultrasound-assisted or
supercritical CO, extraction), have therefore become integral components of postharvest
management, enabling the recovery of functional compounds while maintaining their
chemical stability and bioactivity. Such approaches are increasingly recognized as key
enablers of circular-economy models in berry supply chains, aligning postharvest quality
management with sustainability objective.

6.1. Composition and Functional Potential

Pomace from strawberries, blueberries, raspberries, and blackberries contains excep-
tionally high levels of anthocyanins, flavonols, ellagitannins, phenolic acids, and structural
carbohydrates [3]. In many cases, the antioxidant capacity of pomace exceeds that of edible
pulp [2]. Berry seeds, which may account for 10-15% of fruit weight, are particularly rich in
polyunsaturated fatty acids, including linoleic and o-linolenic acid, as well as tocopherols
and phytosterols, providing oxidative stability and nutritional value [257].

These compositional attributes make berry by-products ideal for functional foods,
nutraceuticals, clean-label preservatives, and natural colorants. Raspberry and blackberry
seed oils show oxidative stability comparable to conventional edible oils [258], while
blueberry pomace has been incorporated successfully into bakery and dairy matrices to
enhance fiber, phenolic content, and antioxidant activity [259,260]. These nutritional and
technological advantages, together with sustainability credentials, have positioned berry
pomace as a promising clean-label ingredient in food development.

6.2. Green Extraction and Biorefinery Technologies

The valorization of berry residues has advanced through the development of green
extraction technologies capable of efficiently recovering anthocyanin- and polyphenol-rich
fractions while minimizing solvent use and environmental impact. Studies on blueberry
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by-products show that methods such as supercritical CO, extraction, pressurized liquid
extraction, and ultrasound-assisted extraction enhance extraction efficiency, reduce pro-
cessing time, and preserve thermolabile compounds [261,262]. Enzyme-assisted extraction
further improves the release and bioavailability of bound phenolics by breaking down
cell-wall matrices [263]. More recently, deep eutectic solvents (DES) and ionic liquids have
emerged as tunable, biodegradable alternatives that selectively extract anthocyanins and
flavonols with reduced environmental burden [264].

These advances are increasingly integrated into biorefinery frameworks, where a single
pomace stream can yield high-value compounds—including polyphenol extracts, dietary
fibers, and seed oils—followed by energy recovery through anaerobic digestion. Process
optimization using response-surface modeling and sustainability assessment through
life-cycle analysis support the design of efficient, low-impact valorization pipelines that
maximize resource use and minimize waste [265,266].

6.3. Applications for Functional Foods

Berry pomace, flours, and phenolic extracts are increasingly incorporated into func-
tional foods owing to their high concentrations of anthocyanins, flavonols, ellagitannins,
and phenolic acids, which provide both technological and nutritional advantages [267,268].
These bioactive compounds enhance oxidative stability, contribute natural color, and de-
liver health-promoting antioxidant activity, making berry by-products valuable ingredients
across diverse food matrices [253,269].

In bakery and dairy systems, the incorporation of blueberry or raspberry pomace
has been shown to enhance dietary fiber content and increase antioxidant capacity with-
out adversely affecting sensory quality when added at moderate levels [270,271]. These
applications are consistent with broader observations that berry by-products function as
excellent natural fortifying ingredients, improving not only the nutritional profile of baked
goods but also contributing beneficial technological properties such as improved structure
and moisture retention [271-274].

Phenolic-rich berry extracts have demonstrated strong potential as natural antioxidants
in meat products, offering a sustainable alternative to synthetic preservatives. Studies show
that berry-derived phenolic fractions can markedly reduce lipid and protein oxidation in
pork and beef during refrigerated and frozen storage, improving both color and sensory
quality [275]. Further research with blueberry, cranberry, chokeberry, and blackcurrant
extracts confirm comparable or even superior reductions in TBARS and carbonyl formation
relative to conventional additives [276,277]. These protective effects arise from the ability
of berry phenolics to scavenge free radicals, chelate pro-oxidant metals, and stabilize
myoglobin, thereby slowing discoloration and off-flavor development.

The incorporation of berries and berry-derived by-products into dairy systems has
gained considerable attention due to their ability to enhance both nutritional quality and
functional performance [278,279]. When added as purees, pomace, or phenolic extracts,
blueberries, raspberries, and blackberries significantly increase the antioxidant capacity,
phenolic content, and dietary fiber of yogurt and fermented milk, often without negatively
affecting sensory acceptance at moderate inclusion levels [280-284]. Moreover, phenolic-
rich extracts from berries such as cranberries and chokeberry also exhibit antimicrobial
properties, helping extend the shelf life of dairy products and providing natural alternatives
to synthetic stabilizers [51].

Berries and their by-products are also increasingly incorporated into jellies, juices,
dehydrated products, and snack formulations, where they enhance both technological
properties and nutritional value [285-288]. In jams and jellies, berry pomace contributes
natural pectin and phenolics that improve gel formation, color stability, and antioxidant
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capacity [289,290]. In juice systems, the addition of berry extracts or residues increases
anthocyanin content and oxidative stability while supporting clean-label, reduced-sugar for-
mulations [291,292]. Dehydrated powders, fruit leathers, and cereal-based snacks fortified
with berry pomace or microencapsulated phenolics show improved bioactive retention and
enhanced fiber content, alongside better color preservation during processing [293-295].

6.4. Bioactive Ingredients for Cosmetics and Pharmaceuticals

Extracts and oils obtained from berry residues are increasingly incorporated into
cosmetic [296,297] and pharmaceutical formulations [298,299]. Their rich content of ellagic
acid, anthocyanins, and flavonoids provides strong antioxidants and anti-inflammatory ac-
tivities that help mitigate skin aging and photo-oxidative stress. Seed oils from raspberries
and blackberries serve as natural emollients, while phenolic-rich fractions display antimi-
crobial properties against common skin pathogens [29]. The stability and biocompatibility
of these compounds make them excellent candidates for topical emulsions, sunscreens, and
dermatological preparations, broadening the commercial relevance of berry waste beyond
the food industry [298,299].

6.5. Bioplastic and Packaging Development

The high lignocellulosic fiber and phenolic content of berry pomace offer functional
advantages for developing bio-based materials [300]. When incorporated into starch-, PLA-,
or chitosan-based films, pomace particles improve mechanical strength, gas permeability,
and antioxidant capacity [301,302]. Such active packaging materials can delay lipid oxi-
dation and microbial spoilage in perishable foods, replacing synthetic additives [254]. In
addition, pectin and cellulose recovered from berry waste are suitable to produce edible
coatings, enabling a closed-loop approach in which residues from fruit processing con-
tribute directly to extending the shelf life of fresh produce [110,303]. Research combining
these materials with nanocellulose or biopolymer blends indicates promising prospects for
scalable, compostable packaging solutions consistent with EU sustainability policies.

6.6. Critical Overview

Valorizing berry by-products offers clear environmental and economic benefits by
reducing waste-disposal needs, lowering greenhouse-gas emissions, and creating new
value streams from polyphenol extracts, fibers, and seed oils. Yet the practical impact of
these approaches depends on consistent raw-material quality, regulatory alignment, and
the ability to scale green extraction and biorefinery processes within existing processing
infrastructures. Economic feasibility remains tightly linked to integrated operations that
minimize energy use and logistics costs.

Looking ahead, berry by-product utilization stands as a strong model of circular-
economy principles, but its full potential will require improved biorefinery designs, stan-
dardized quality metrics, and greater consumer confidence in upcycled ingredients. Con-
tinued advances in food science, biotechnology, and materials engineering—together with
policy support from EU sustainability frameworks—will be essential for transitioning
the berry sector from a linear processing model to a regenerative system where residues
become strategic resources rather than waste.

7. Conclusions

Berries represent a high-value horticultural category distinguished by exceptional
nutritional density, sensory appeal, and strong market demand; however, their intrinsic
perishability continues to pose significant challenges for producers, distributors, and
processors. This review demonstrates that the preservation of berry quality is governed by
a continuum of interconnected factors extending from genetic background and preharvest
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management to postharvest technologies and by-product valorization, underscoring the
need for system-level approaches rather than isolated interventions.

Recent advances in breeding, genomic tools, and precision cultivation are enabling
the development of cultivars and production systems better adapted to climatic variability
and capable of maintaining firmness, pigment stability, and microbial resilience. These
improvements highlight the decisive role of preharvest practices—such as irrigation man-
agement, mineral nutrition, canopy architecture, and biostimulant application—in shaping
fruit physiological status at harvest, which ultimately conditions postharvest performance
and processing efficiency.

Postharvest innovation is increasingly oriented toward non-thermal, low-residue
technologies—including UV-C irradiation, ozone, cold plasma, edible coatings, and
optimized MAP/CA systems—that preserve quality while meeting sustainability and
consumer-safety expectations. The integration of these treatments with intelligent moni-
toring tools, IoT-based cold-chain control, and predictive modeling is shifting postharvest
management from reactive to proactive paradigms, enabling earlier detection of deteriora-
tion and more responsive logistics.

Equally important is the valorization of berry by-products, which extends postharvest
management beyond fresh fruit by transforming pomace, seeds, and skins into functional
ingredients for food, cosmetic, nutraceutical, and bio-based material applications. Green
extraction methods, stabilization technologies, and emerging biorefinery concepts reinforce
circular-economy principles by reducing waste and generating additional value streams.

Looking ahead, a key research priority lies in the integration of preharvest condition-
ing, postharvest preservation, and downstream processing into composite, multi-hurdle
systems. Increasing evidence indicates that the efficiency of postharvest and extraction
technologies is strongly influenced by the physiological and biochemical status of berries
at harvest, while the combination of non-thermal preservation, green extraction, and stabi-
lization strategies offers promising pathways to maximize quality retention and resource
efficiency. Future progress will therefore depend on holistic optimization of integrated
technological chains, supported by interdisciplinary research and regulatory alignment.

In conclusion, the modernization of berry production and postharvest management
reflects a broader transition toward integrated, system-based approaches. By coupling
advances in breeding, precision agriculture, non-thermal preservation, smart logistics,
and circular-economy valorization, the berry sector is well positioned to develop more
resilient, resource-efficient, and environmentally responsible supply chains capable of
meeting evolving consumer and societal demand.
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