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Abstract

The regions of the Mediterranean basin are subject to significant anthropogenic pressures, resulting in
overexploitation and a marked decline of natural resources. Conventional conservation techniques present
numerous challenges. They are generally labor-intensive and difficult to fund. Currently, strategies for
conserving plant genetic resources are focused on biotechnological techniques, which have yielded very
encouraging results at low cost I vitro culture is widely used for the medium-term conservation of plant species.

However, plant material can be preserved for the very long term through cryopreservation in liquid nitrogen at -
196°C.

Keywords: Mediterranean Basin, plant biotechnology, plant genetic resources, endangered species, in vitro
culture, cryopreservation.
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Introduction

Biodiversity constitutes the Earth’s natural wealth and provides the elements necessary for human life
and prosperity. It underpins food security, environmental resilience, and the provision of essential
goods and services upon which societies depend. However, this biological diversity is now seriously
threatened by human activity and the effects of climate change. It is disappearing at an alarming rate
across the globe.

The Mediterranean region is home to significant biological diversity. It is one of the world’s richest
regions with a high rate of endemism. Its unique geographical position, climatic heterogeneity, and
long evolutionary history have contributed to the development of a highly diverse flora and fauna.
However, the current status of plant genetic resources is alarming. Indeed, human activities, often
aggressive toward a fragile natural environment, have significantly altered nearly all natural
ecosystems. These pressures, combined with the effects of global climate change, are accelerating
biodiversity loss and threatening the long-term survival of numerous plant species and populations.

The process of degradation in the Mediterranean region has accelerated over the past several decades
due to the onset of regressive processes resulting from climate change, soil degradation through
erosion and salinization, as well as declining soil fertility and shrinking land areas. Such processes not
only diminish ecosystem functioning and resilience but also erode the genetic diversity that is essential
for species adaptation to changing environmental conditions.
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Biodiversity conservation plays an essential role in the fight against poverty and contributes to
sustainable development. In particular, the conservation of plant genetic resources is essential for
ensuring agricultural productivity, food security, and the adaptive capacity of crops and wild relatives
in the face of environmental and climatic challenges. Today more than ever, all nations need plant
genetic resources to sustainably increase their production in order to address the challenges of
environmental changes and climate change. This is why the conservation and rational use of these
resources remain necessary.

Plant biotechnology plays a vital role in addressing some of these issues. This article provides
a brief overview of natural resources and the causes of their degradation. This review briefly presents
the main conservation techniques and places particular emphasis on modern processes used in plant
biotechnology, namely in vitro culture and cryopreservation, and their applications in the preservation
of plant genetic resources.

Causes of the Degradation of Mediterranean Plant Genetic Resources

Plant genetic resources are a fundamental component of biodiversity. They make a significant
contribution to the economic growth of every country. They represent an invaluable reservoir of
genetic diversity that supports crop improvement, ecosystem resilience, and the sustainable provision
of ecosystem services (FAO, 2019; IPBES, 2019). Mediterranean ecosystems possess many distinctive
characteristics (a prolonged dry season, narrow coastal plains, mountain ranges, etc.), which account
for the exceptional biological diversity of the Mediterranean region. It is one of the world’s richest
regions (25000 species of higher plants) and has a high rate of endemism, approximately 50%
(Quezel, 1995; Médail and Myers, 2004). This significant biodiversity, combined with this endemism,
makes this region one of the most fragile on the planet (Médail, 2017). Conversely, demographic
pressure, rural exodus, tourism, industrialization, and the development of intensive industrial
agriculture - a source of multiple forms of pollution - have accelerated the process of degradation in
the Mediterranean region (Ramade, 1996; Médail and Diadema, 2006). Habitat fragmentation and
land-use change are now recognized among the principal drivers of biodiversity loss throughout the
Mediterranean Basin (IPBES, 2019; UNEP/MAP, 2020). Thus, the effects of climate change have
begun to exacerbate existing pressures and ecosystem degradation, causing significant and sometimes
irreversible changes to the environment such as soil erosion and desertification (Garavaglia and
Besacier, 2014; Cramer et al., 2018; MedECC, 2020). This process of desertification, which began
long ago on the southern shore of the Mediterranean (Maghreb), is intensifying day by day and
causing significant losses of soil and plant genetic resources.

The degradation of natural resources in the Mediterranean basin is not a recent phenomenon. Some
forests, for example, have been transformed or deforested over the course of several millennia.
According to Devisse and Vallauri (2009), more than 75% of the forests and scrublands on the
European shore of the Mediterranean no longer exist today. Long-term deforestation, recurrent land-
use changes, and increasing human pressure have significantly reduced habitat connectivity and
ecological integrity throughout the region (Médail, 2017). Mediterranean forests are currently under
particular threat from wildfires, excessive logging, and overgrazing, which risks reducing forest cover
by a quarter (Antoine, 1996; FAO and UNEP, 2020). Climate-induced increases in fire frequency and
intensity further threaten the conservation of forest genetic resources and ecosystem resilience (Pausas
and Keeley, 2021).

Industrialization plays a role in the degradation of plant genetic resources in the Mediterranean basin.
Indeed, it causes further degradation, both directly through the physical destruction of ecosystems and
indirectly through various forms of pollution. In industrialized countries, air pollution leads to forest
decline and also threatens the genetic heritage of forest tree species. Chronic exposure to pollution
may also decrease genetic diversity within plant populations, thereby limiting their adaptive potential
under changing environmental conditions (Taylor and Pitelka, 1992 ; Konrad et al., 2025).

The expansion of industrial agriculture in the Mediterranean basin, particularly in coastal areas, also
poses a serious threat to plant genetic resources. Indeed, the excessive use of chemicals (fertilizers and
pesticides) causes soil and groundwater pollution. According to Ramade (1996), the use of herbicides
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and fertilizers has impoverished the flora and had negative impact on populations of ruderal and field
plants, which are of considerable species richness in the Mediterranean basin.

Biological invasions constitute an additional and increasingly important driver of biodiversity loss in
Mediterranean ecosystems. Invasive alien plant species can alter ecosystem structure and functioning,
compete with native species, and contribute to the decline of endemic plant populations (Vila et al.,
2011; IPBES, 2023).

The loss of biodiversity and the degradation of ecosystems pose a threat to the functioning of our
planet, our economy, and humanity as a whole. Indeed, the ongoing depletion of natural resources
remains one of the most urgent conservation issues at the international level. Recent global
assessments indicate that biodiversity is declining at an unprecedented rate, with profound
consequences for ecosystem services and the achievement of sustainable development goals (IPBES,
2019). Currently, the need to implement effective strategies for the management and preservation of
these resources is recognized in many countries. Integrated approaches combining in situ conservation,
ex situ conservation, ecological restoration, sustainable land management, and climate-adaptation
measures are increasingly recognized as essential for safeguarding Mediterranean plant genetic
diversity and ensuring its long-term availability for future generations (FAO, 2019; MedECC, 2020;
IPBES, 2023).

Conservation of Plant Genetic Resources

Methods for conserving plant genetic resources vary both in terms of overall strategy and the
techniques employed. Indeed, they can be carried out in various ways, ranging from the preservation
of ecosystems to the conservation of organs and/or cells in liquid nitrogen, all with the common aim of
maintaining maximum genetic and e al diversity across all species. Regardless of the method used, the
primary objective is to maintain the highest possible levels of genetic diversity and evolutionary
potential within and among species (Maxted et al., 2020).

Generally, there are two main conservation strategies: in sifu conservation and ex sifu conservation. In
situ and ex situ methods are complementary and are not exclusive. They offer different alternatives for
conservation, but selection of the appropriate strategy should be based on a number of criteria,
including the biological nature of the species and the feasibility of applying the chosen methods
(Engelmann, 2012). Current international conservation policies emphasize the importance of
combining both approaches to maximize the long-term preservation of plant genetic resources (FAO,
2019; CBD, 2022).

The first type of conservation involves the management and monitoring of taxa. It enables the genetic
heritage to be conserved in sifu, where the population in question is found, that is, within its native
ecosystem. This conservation is also referred to as dynamic because plant genetic resources are subject
to the natural process of evolution, which over time causes species to disappear or emerge. Field gene
banks are beneficial for species that do not produce seeds or that are difficult to preserve in seed from:
this is the case for many perennials, plants that reproduce vegetatively, and certain woody species.

In situ conservation maintains not only existing genetic diversity but also the evolutionary processes
that generate new diversity over time (Maxted et al., 2020). Field gene banks represent an important
component of in situ conservation strategies, particularly for species that produce few or no viable
seeds, exhibit recalcitrant seed behavior, or are propagated vegetatively. This is especially relevant for
perennial crops, woody species, and many fruit trees. These collections provide valuable opportunities
for characterization, evaluation, breeding, and research while ensuring the maintenance of unique
genotypes (Volk et al., 2021).

In situ conservation can be implemented by establishing protected areas such as reserves and national
parks. These measures are effective but cumbersome and costly (Nanson and Jacques, 1998).
According to Ramade (1996), there are approximately two hundred protected areas with a surface
covering 50 hectares or more, spread across the 14 countries bordering the Mediterranean. Since then,
considerable progress has been made in expanding protected area networks; however, important
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conservation gaps remain, particularly in biodiversity-rich coastal ecosystems and areas harboring
endemic plant species (UNEP/MAP, 2020).

In North African countries, in situ conservation of forest resources is limited to the static protection of
certain forest populations or species within national or regional parks and nature reserves (Harfouche
et al., 2005). According to the same authors, this conservation technique is more akin to a large-scale
protection effort, the effectiveness of which remains to be proven. Furthermore, it is essential to
supplement these in situ conservation measures with modern ex situ conservation methods. Recent
studies further emphasize the need for genetic monitoring programs capable of assessing the adaptive
potential and long-term viability of conserved populations under climate change scenarios (FAO,
2025).

The second method, ex situ conservation or ‘off-site’ conservation encompasses the maintenance and
management of biological diversity components outside their native habitats. Its principal objective is
to enhance conservation outcomes by securing the long-term survival of threatened taxa and
conserving their genetic resources. Ex situ techniques should always be seen as complimentary to in
situ conservation, aiding species recovery and reintroduction. This is referred to as static
conservation, which encompasses several techniques such as field collections, pollen conservation,
seed banks, in vitro tissue culture, cryopreservation, and DNA repositories. Ex situ collections play a
critical role as safeguards against genetic erosion, habitat destruction, and species extinction (Engels
and Ebert, 2021). Nevertheless, ex sifu conservation has, in some cases, limitations in its application
depending on the nature of the plant species. Indeed, the costs of maintaining collections are generally
high (labor, phytosanitary treatments, etc.), and the plant material involved in conservation is often
exposed to various pathogens and pests as well as climatic and edaphic stresses (frost, drought, salt
and water stress, etc.). Furthermore, the capacity of these collections to preserve a significant amount
of diversity is generally limited (Engelmann, 1997; Engelmann and Engels, 2002). In addition,
prolonged ex situ maintenance may occasionally result in genetic drift or unintentional selection,
potentially altering the genetic composition of conserved populations (Volk et al., 2021).

Pollen conservation is considered a special case. Indeed, pollen storage, often of limited duration, is
aimed much more at artificial fertilization and variety development than at the preservation of plant
genetic resources (Ferreira et al., 2007). Advances in pollen cryopreservation have significantly
improved long-term storage possibilities for numerous economically important species (Rajasekharan
and Ganeshan, 2019 ; Rajasekharan et al., 2025).

Seed storage remains one of the most widely used and least expensive conservation measures. This
technique involves placing seeds in conditions that inhibit germination in order to maximize their shelf
life. Seed longevity is partly determined by water content and temperature, but also by environmental
interactions during the maturation phase (Walters et al., 2010). Globally, seed banks currently
conserve millions of accessions and constitute the backbone of ex situ conservation programs (FAO,
2019). However, seed conservation is not suitable for all plant species. The seeds of certain plants can
be preserved for several months, or even several years, when storage conditions are favorable.
However, some species produce sterile seeds, generate limited quantities of seeds, exhibit complex
dormancy mechanisms, or possess seeds with inherently short longevity (Pence, 2005).

Depending on their response to desiccation, seeds are generally classified as orthodox or recalcitrant
(Roberts, 1973). Orthodox seeds tolerate substantial dehydration and can usually be stored at low
temperatures for extended periods without significant viability loss. Examples include wild cherry
(Prunus avium) and ash (Fraxinus excelsior), whose seeds can tolerate moisture contents of
approximately 8-9% and remain viable for several years under sub-zero storage conditions (Muller,
1992).

In contrast, recalcitrant seeds contain high levels of water and cannot survive severe dehydration
(Bewley and Black, 1994). Their storage therefore requires relatively high moisture content and
carefully controlled environmental conditions. Even under optimal conditions, viability generally
declines within a few weeks or months (Engelmann, 1992). This category includes numerous tropical
and woody species, such as coconut, coffee, oil palm, walnut, hazelnut, and chestnut. The
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conservation of recalcitrant-seeded species remains one of the major challenges in plant genetic
resource management worldwide (Pritchard et al., 2022). Similarly, the conservation of vegetatively
propagated plants presents significant difficulties because conventional seed storage is often not
possible. Alternative approaches are therefore required to ensure the long-term preservation of these
valuable genetic resources.

Modern biotechnological tools have revolutionized plant genetic resource conservation. Their
objective is not only the storage of genes but also the reliable propagation of rare and valuable
genotypes threatened with extinction. /n vitro culture techniques enable the medium-term conservation
of vegetatively propagated species, while cryopreservation allows the long-term storage of tissues,
embryos, shoot tips, pollen, and somatic cells at ultra-low temperatures (-196°C) in liquid nitrogen
with minimal genetic alteration (Engelmann, 2011; Reed et al., 2011).

Today, cryobiotechnology is increasingly regarded as one of the most reliable approaches for the long-
term conservation of endangered species, crop wild relatives, elite cultivars, and rare genotypes
threatened by habitat loss and climate change. Beyond simple storage, these technologies support
germplasm exchange, restoration programs, genetic improvement, and the preservation of evolutionary
potential for future generations (FAO, 2025).

4. Plant biotechnology tools developed to conserve plant genetic resources

Plant biotechnology encompasses a wide range of technological approaches, including plant tissue
culture, molecular marker technologies, genomics, cryopreservation, and genetic engineering, which
are used to improve plant species and support their sustainable utilization. These techniques facilitate
the propagation, characterization, conservation, and genetic enhancement of plant genetic resources.

Biotechnology currently offers promising prospects in the field of genetic improvement in agriculture,
horticulture, and forestry. Advances in plant biotechnology, especially those associated to in vitro
culture and cryopreservation, have also provided powerful tools to support and improve conservation
and management of plant diversity (Withers, 1995). These technologies complement conventional ex
situ and in situ conservation strategies by enabling the long-term preservation of germplasm, the rapid
multiplication of threatened taxa, and the recovery of rare or endangered species with limited
reproductive capacity (Engelmann, 2011; Reed et al., 2011). They are essential for preventing the
extinction of very specific species in the context of conserving the biological diversity of
Mediterranean ecosystems and enhancing their value.

4.1. In vitro conservation of plant germplasm

In recent decades, plant biotechnology has undergone substantial technological advancements,
providing innovative tools for the conservation and sustainable management of plant genetic resources
worldwide. Among these technologies, in vitro plant tissue culture has become an essential component
of conservation programs aimed at safeguarding plant biodiversity and supporting the genetic
improvement of economically and ecologically important species.

Tissue culture techniques are widely used for the collection, multiplication, and preservation of plant
germplasm. They are particularly valuable for the conservation of species producing recalcitrant seeds,
vegetatively propagated crops, as well as rare, endemic, and threatened plant species that are difficult
to maintain through conventional seed banking approaches (Bunn et al., 2007; Engelmann, 2011). In
vitro conservation also provides a secure alternative for preserving genotypes vulnerable to habitat
loss, climate change, invasive species, and emerging pests and diseases, thereby contributing to global
biodiversity conservation efforts (Li and Pritchard, 2009; Reed et al., 2011). Furthermore, in vitro
techniques offer several advantages, including high multiplication rates, the production of genetically
uniform and vigorous plant material, the generation of pathogen-free plants and rapid large-scale
propagation throughout the year. These systems facilitate the establishment of specialized germplasm
collections under controlled environmental conditions, minimizing risks associated with
environmental fluctuations and biological contamination (Kaviani, 2011 ; Pence, 2014). In addition, in

16



Benmahioul 2026, Genet. Biodiv. J, 2026, 10 (2): 12- 23
DOL: 10.46325/h3260x68

vitro collections generally require less space and lower operational costs than field gene banks, making
them particularly suitable for the conservation of valuable or difficult-to-maintain genetic resources.

In vitro conservation is primarily considered a medium-term preservation strategy. It has been
successfully applied to numerous woody perennials, forest trees, fruit crops, medicinal plants, and
vegetatively propagated species, including those producing roots, tubers, bulbs, and rhizomes. The
technique is based on the reduction of plant growth and metabolic activity through the modification of
culture conditions. Growth reduction can be achieved by manipulating environmental factors such as
low temperatures, reduced light intensity, shortened photoperiods, or complete darkness depending on
the species. Nutritional adjustments, including the reduction of mineral salt concentrations and the
incorporation of osmotic agents, activated charcoal, or growth regulators such as abscisic acid, may
further contribute to growth suppression and prolonged storage periods.

The slow-growth storage approach aims to extend subculture intervals while maintaining the viability
and genetic stability of conserved material. This strategy significantly reduces labor requirements,
operational costs, and the risk of somaclonal variation associated with repeated subculturing
(Engelmann, 2011; Kaviani, 2011). Growth retardation under in vitro conditions can also be achieved
by limiting oxygen availability within culture vessels. However, following prolonged storage, explants
often exhibit delayed regrowth, reduced vigor, and, in some cases, tissue necrosis (Engelmann, 1992).

Despite its effectiveness, minimal-growth storage remains a medium-term conservation strategy
because the regenerative capacity of vegetative tissues may decline progressively during extended
storage periods. Moreover, prolonged in vifro maintenance can increase the risk of physiological
disorders, microbial contamination, and genetic or epigenetic alterations that may compromise the
integrity of conserved germplasm (Harding, 2004; Wang et al., 2021). Consequently, for long-term
conservation, cryopreservation is currently the most widely used and effective technique (Engelmann,
2011; Benmabhioul et al., 2015 ; Reed et al., 2011; Bettoni et al., 2018). The use of cryopreservation is
now considered a best-practice strategy for the management of ex situ plant germplasm collections,
particularly for species that cannot be effectively conserved through conventional seed banking
methods (FAO, 2025; Maxted, 2025).

4.2. Long-Term Conservation through Cryopreservation

Cryopreservation is regarded as the safest and most cost-effective strategy for long-term conservation
of the germplasm of economically-important plant species as well as endangered plants. It provides a
secure means of preserving a wide range of plant materials, including species producing recalcitrant
(Engelmann, 2009; Kaviani and Kulus, 2022). Many species produce seeds that cannot be stored for
more than a couple of weeks, and some species rarely or never produce seed. Within the framework of
global biodiversity conservation, cryopreservation plays a pivotal role in ex sifu conservation
programs by ensuring the maintenance of genetic diversity, minimizing the risks of genetic erosion,
and safeguarding plant resources against habitat loss, climate change, emerging pests, and
anthropogenic disturbances.

During recent years, a signifi cant progress has been made with the development of new
cryopreservation techniques for non-orthodox and vegetatively propagated species. Currently available
technologies offer the possibility of cryopreservation for many plants.

The principle of cryopreservation consists of storing viable plant material in liquid nitrogen (LN) at -
196°C or in its vapor phase (approximately -150°C). At these ultra-low temperatures, cellular division
and metabolic activities are effectively arrested, allowing biological materials to be preserved for
theoretically unlimited periods without genetic alteration or physiological deterioration (Engelmann,
2011). Unlike conventional in vitro conservation methods, cryopreservation eliminates the need for
frequent subculturing, thereby reducing labor costs, contamination risks, somaclonal variation, and the
accumulation of genetic changes over time. However, the effi ciency of cryopreservation protocols
depends on the genotypes of the plant and may vary not only for the individual plant species but also
for cultivars and genetic lines.
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The physiological and developmental status of the starting plant material is a critical determinant of
cryopreservation success. Plant tissues selected for cryogenic storage should ideally be juvenile, small
in size, highly cytoplasmic, poorly vacuolated, and characterized by low water content. Such
characteristics enhance cellular tolerance to dehydration and freezing stresses. Prior to storage,
samples are placed in cryovials specifically designed to withstand extreme cryogenic conditions.

A major challenge during cryopreservation is preventing the formation of intracellular ice crystals,
which can cause irreversible cellular damage and loss of viability. Therefore, the preparation of plant
material before freezing constitutes one of the most crucial stages of the protocol. This preparation
aims to induce cellular hardening, reduce freezable water content, and increase tolerance to ultra-low
temperatures.

Certain types of plant material, such as orthodox seeds and naturally cold-hardened dormant buds, can
be cryopreserved with minimal or no pretreatment. For example, Sorbus latifolia dormant buds have
been successfully cryopreserved following direct transfer from field-grown trees to liquid nitrogen
with limited preparatory treatment (Harvengt & Dumas, 2003). This approach is particularly valuable
for the conservation of woody perennial species and forest genetic resources, where seed storage may
not adequately preserve the full genetic diversity of natural populations.

In contrast, highly hydrated and freezing-sensitive tissues such as shoot tips, meristems, embryogenic
cultures, somatic embryos, calli, and zygotic embryos require controlled dehydration before freezing.
Artificial dehydration minimizes the amount of free intracellular water and thereby reduces the risk of
lethal ice crystal formation. Dehydration may be achieved through physical methods, including
exposure to silica gel (Benmahioul et al., 2015) or controlled air desiccation under sterile laminar
airflow conditions.

Alternatively, intracellular ice formation can be avoided through vitrification-based cryopreservation
techniques, which are now among the most widely used approaches in plant cryobiology (Sakai and
Engelmann, 2007). Vitrification refers to the transition of cellular water from the liquid state directly
into a metastable amorphous glassy state without crystallization. During this process, explants are
treated with highly concentrated cryoprotective solutions and subsequently cooled at extremely rapid
rates. As a result, cellular contents solidify into a glass-like matrix, preventing mechanical damage
associated with ice crystal growth.

Recent advances in plant cryobiotechnology have led to the development of several vitrification-
derived methods, including encapsulation-dehydration, encapsulation-vitrification, droplet-
vitrification, and cryo-plate techniques. These approaches have significantly improved post-thaw
recovery rates across a broad spectrum of plant species, including many endangered and economically
important taxa.

Cryopreservation has also been successfully applied to a variety of cellular systems, including
protoplasts and suspension cultures (Langis et al., 1989; Uragami et al., 1989; Langis & Steponkus,
1990). Prior to freezing, these materials undergo osmotic dehydration through incubation in media
supplemented with cryoprotective agents. Common cryoprotectants include dimethyl sulfoxide
(DMSO), glycerol, ethylene glycol, sucrose, and plant vitrification solutions (PVS2 and PVS3) (Kim,
2023), which reduce freezing injury by stabilizing cellular membranes and promoting glass formation
during cooling.

Following cryogenic storage, successful recovery depends on rapid thawing and the implementation of
optimized regeneration protocols. Post-thaw assessments typically include measurements of survival,
regrowth, genetic stability, and physiological integrity.

Numerous studies have demonstrated that properly cryopreserved plant materials retain their genetic

fidelity after long-term storage, confirming the value of cryopreservation as a cornerstone technology
for the conservation of plant biodiversity and the sustainable management of genetic resources.
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Conclusion and recommendations

In recent decades, the degradation of natural resources in the Mediterranean Basin has accelerated
considerably as a result of climate change, land-use transformation, habitat fragmentation, and
increasing human pressure. These factors have contributed to unprecedented rates of species decline
and extinction (Gaston, 2005; Diaz et al., 2006). Current projections indicate that climate warming,
increasing aridity, and the growing frequency of extreme climatic events may further exacerbate
biodiversity loss and reduce the adaptive capacity of Mediterranean ecosystems during the coming
decades. Addressing these challenges constitutes one of the most important environmental priorities
for Mediterranean countries and requires the development of scientifically sound, integrated, and long-
term conservation strategies.

At the same time, financial constraints associated with the maintenance of field collections, together
with the difficulties involved in conserving species producing recalcitrant seeds or those propagated
vegetatively, have increased the importance of plant biotechnology in biodiversity conservation.
Modern biotechnological approaches now provide powerful complementary tools for safeguarding
threatened plant genetic resources, particularly for species that cannot be efficiently conserved through
conventional seed banking. Techniques such as in vitro culture, slow-growth storage,
cryopreservation, molecular characterization, and genomic analyses offer effective solutions for the
long-term preservation of genetic diversity under increasing environmental and anthropogenic
pressures. Nevertheless, these technologies should not be viewed as substitutes for conventional
conservation approaches. Rather, they should be integrated into a comprehensive conservation
framework combining in situ, ex situ, and restoration-based strategies. Such an integrated approach
maximizes the preservation of evolutionary processes, adaptive potential, and genetic diversity while
enhancing the effectiveness of biodiversity conservation programs. Biotechnology therefore provides
conservation practitioners and gene bank managers with additional tools for securing plant genetic
resources and improving the resilience of conservation systems.

Given the exceptional biodiversity value of the Mediterranean Basin, recognized as one of the world's
major biodiversity hotspots, urgent and coordinated actions are required to strengthen conservation
efforts and ensure the sustainable management of natural resources. The implementation of science-
based policies, supported by regional cooperation and adequate financial investment, will be essential
to mitigate biodiversity loss and enhance ecosystem resilience under future environmental change. To
achieve these objectives, the following recommendations are proposed:

i.  Strengthen Integrated Conservation Programs
Conservation efforts should promote a balanced integration of in sifu and ex situ approaches. This
complementary strategy enhances the preservation of both genetic diversity and evolutionary potential
while reducing the risk of species extinction.

ii.  Establish Regional Mediterranean Germplasm Networks
Mediterranean countries should develop coordinated regional germplasm conservation networks and
strengthen existing gene bank infrastructures. Regional collaboration would facilitate the sharing of
expertise, harmonization of conservation protocols, and establishment of safety duplication systems
for valuable genetic resources.

iil. Increase Research on Endemic, Rare, and Threatened Species

Additional financial and institutional support should be allocated to research programs focused on
endemic and endangered Mediterranean flora. Priority should be given to studies addressing species
ecology, population genetics, reproductive biology, climate-change vulnerability, restoration ecology,
and conservation genomics, which are critical for evidence-based conservation planning.

iv.  Adaptive Wildfire Management

As climate change is expected to increase wildfire frequency and severity throughout the
Mediterranean region, conservation policies should prioritize adaptive fire management based on
prevention, risk reduction, ecological restoration, and long-term ecosystem monitoring. Integrating
climate projections into management frameworks will be critical for maintaining biodiversity,
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reducing ecosystem vulnerability, and strengthening landscape resilience under future environmental
change.

v.  Promote International and Multidisciplinary Cooperation
Enhanced collaboration among Mediterranean countries is necessary to address shared conservation
challenges. Joint research programs, transboundary conservation initiatives, and scientific exchange
networks would facilitate the transfer of knowledge, technologies, and genetic resources. Furthermore,
stronger partnerships between governmental institutions, research organizations, non-governmental
organizations, local communities, and the private sector are crucial for achieving long-term
conservation objectives.

vi.  Strengthen Policies for the Protection of Genetic Resources

Mediterranean countries should reinforce legal and institutional frameworks aimed at protecting
biodiversity and genetic resources. Effective regulations are needed to control the overexploitation of
natural resources, combat habitat destruction, and support ecological restoration and reforestation
programs. The incorporation of biodiversity conservation objectives into national climate adaptation
and sustainable development policies should also be prioritized.

vii. ~ Expand the Use of Plant Biotechnologies in Conservation Programs

The integration of biotechnology into national conservation strategies should be actively encouraged.
In vitro conservation, cryopreservation, molecular marker technologies and genomic tools can
significantly improve the management and long-term preservation of plant genetic resources. These
technologies are particularly important for conserving threatened species with limited populations, low
reproductive capacity, or complex propagation requirements.

viii. ~ Build Scientific Capacity and Technological Infrastructure

The successful implementation of advanced conservation technologies requires substantial
investments in human resources and infrastructure. Mediterranean countries, particularly those in the
southern region, should prioritize the training of specialists in plant biotechnology, conservation
genetics, cryobiology, and restoration ecology. Strengthening laboratory facilities, improving access to
modern equipment, and fostering international scientific partnerships will be essential for reducing
technological disparities and enhancing regional conservation capacity.

In conclusion, the future conservation of Mediterranean biodiversity will depend on the successful
integration of ecological knowledge, innovative biotechnological tools, effective governance, and
international cooperation. By combining traditional conservation practices with emerging technologies
and ecosystem-based management approaches, Mediterranean countries can significantly improve the
protection of their unique biological heritage and strengthen ecosystem resilience in the face of global
environmental change.
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