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Abstract

Commercial micropropagation plays a crucial role in increasing the production of many economically important fruit
crops worldwide, including Europe. The focus has been on many woody horticultural species, such as stone and pome
fruits, berries, nuts, and palms. This paper presents an updated overview of the European commercial micropropagation
landscape, highlighting the countries currently operating in this sector, crop targets, and the distribution of micropropaga-
tion companies based on recent survey data. In Europe and the broader Mediterranean basin, Italy, Spain, Tiirkiye, and
Germany emerge as the leading contributors to the large-scale in vitro production of woody fruit species, based on the
number of operating commercial companies and efforts to adopt new technology. Despite this progress, several challenges
limit the scalability and sustainability of in vitro propagation systems, and their expansion in underrepresented coun-
tries. These main issues include species recalcitrance, high labour and infrastructure costs, further improvement of stock
maintenance capacity, logistical issues in plantlet shipment, and barriers related to intellectual property rights. To address
these challenges, this paper discusses solutions such as utilizing automation and robotics, exploring new compounds to
enhance micropropagation rates, and using European funding opportunities. Furthermore, being involved in pan-European
cooperation and technology transfer networks is also encouraged. The COST Action 21157 “CopyTree: European Network
for Innovative Woody Plant Cloning” is discussed as a practical example of collaboration in harmonizing protocols for
woody plant cloning and facilitating knowledge sharing among research groups with varying levels of experience in the
field. Future advancements in the micropropagation sector will depend on the investment in automation and innovative
technologies, combined with policy alignment with EU standards on a broader international level, and regional develop-
ment strategies.

Key message
Addressing technological disparities through innovation, automation, and collaborative networks is crucial for expanding

fruit crop micropropagation in Europe and bridging the gap between advanced producers and under-represented regions.

Keywords Micropropagation - Woody fruit crops - Commercial companies - In vitro propagation

Overview of commercial micropropagation
in Europe

Micropropagation is a well-established sector of the nurs-
ery industry for many plant species, with a long history in
Europe. Initial developments date back to the early 1950s
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and 1960s, following the discovery of totipotency in spe-
cific plant cells. At the beginning of the 1970s, commercial-
ization began, especially in the Netherlands, Germany, Italy,
and the UK, with a primary focus on ornamental plants and
some fruit species, such as the strawberry. In the 1980s and
1990s, a significant expansion in forestry and horticulture
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was observed (Debergh and Read 1991). Applications on
such a large scale demonstrate and reinforce the advan-
tages of this technique for cloning woody plant species,
including the rapid mass production of genetically uniform
plants, continuous year-round propagation, and the produc-
tion of disease-free plant material (Dobranszki and Teixeira
da Silva 2010). Improved micropropagation protocols for
woody plant species (Lambardi et al. 2013), the application
of innovative propagation systems like temporary immer-
sion bioreactors (Etienne and Berthouly 2002; Méndez-
Herndndez and Loyola-Vargas 2024), and the development
of low-cost protocols (Castro-Camba et al. 2023) are effec-
tive practices that may ensure achieving a fast and high rate
of clonal production throughout the year.

By optimizing growth conditions, micropropagation
ensures the production of true-to-type plants (Wojcik et al.
2021; Martins et al. 2004). However, because the ability
of micropropagated plants to maintain genetic stability is
genotype-based, it is crucial to develop adequate propaga-
tion protocols that minimize the occurrence of somaclonal
variation, limit the onset of epigenetic alterations which
may persist for long periods after the transfer to the field,
and validate the results using molecular diagnostic tools
(Mirzaei et al. 2021; Martins et al. 2004).

A major problem in crop production is maintaining plant
health, as it affects both food production and public health.
Pathogen-free plants (i.e., free from virus, viroids, bac-
teria, and phytoplasma that can affect the morphology of
plants and fruits) can be produced through the application
of suitable in vitro techniques, which involve virus eradi-
cation protocols, such as meristem culture, thermotherapy,
chemotherapy, cryotherapy, and electrotherapy, and then
multiplied by micropropagation (Knapp et al. 1995; Panat-
toni et al. 2013), thus facilitating international germplasm
exchange (Hussain et al. 2012). To ensure the safe use and
exchange of plant genetic resources simplify and optimize
international trade activities, and reduce pesticide use, sev-
eral international organizations, including the Food and
Agriculture Organization (FAO), the World Trade Organi-
zation (WTO), and The Alliance of Bioversity International
and CIAT, have established guidelines to minimize phytos-
anitary risks. In this regard, many certification schemes and
phytosanitary regulations incorporate in vitro techniques as
essential tools to produce virus-free plants and ensure align-
ment with food security standards (IPPC Secretariat 2022;
EPPO 2008, 2012).

It is observed that the resilience of the horticulture indus-
try is enhanced by academia-industry cooperation and the
integration of biotechnological applications, which ensures
the reliable application of scientific research in practical
production systems. While Universities and Government
Research Centers are the leading producers of scientific
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knowledge and technological innovation, industry turns this
knowledge into commercially viable products. Strengthen-
ing their collaboration helps in developing the horticultural
industry sector and increasing the number of well-estab-
lished micropropagation companies specializing in propa-
gating and exploiting woody plants. Unlike forest species,
clonal commercial micropropagation of horticultural plants
is today widely accepted by the public and is widely avail-
able on the consumer market (Riordain 2003). This posi-
tive attitude towards clonal micropropagation is due to the
clear evidence, matured over time, that this technique is
reliable, repeatable, and free from risks of genetic altera-
tions. Indeed, it can guarantee the production of millions of
high-quality plants that meet certification requirements for
standardized nursery production. Considering the advan-
tages of micropropagation and the financial benefits derived
from these practices, micropropagation is well established
in many European countries. A wide range of economically
important plant species is commercially propagated through
this method (Lambardi et al. 2013). In this regard, the pres-
ent review aims to identify the current distribution of com-
mercial laboratories across Europe with a particular focus
on major woody fruit crops. Additionally, this sector also
faces several challenges, which are also discussed in this
paper, and solutions have been proposed to overcome them.

Major producing countries

Over the past thirty years, two extensive surveys have been
conducted to compile a list of all commercial tissue culture
labs in COST member countries (Riordain 2000, 2003).
However, the last survey dates from 2002 and is thus more
than 20 years old (Table 1). Therefore, a new survey was
necessary to create an updated overview of each country’s
micropropagation companies. This helps visualize changes
in the commercial sector over the past twenty years. The
previous survey results were reevaluated to compile this
new list, and additional companies were identified through
various web searches and country registers, where available
(Table 1).

Given the absence of centralized or official registries
in most countries, the survey methodology varied across
regions. It involved a combination of desk research, expert
consultation, and direct communication with colleagues and
national stakeholders active in the field. A list of the identi-
fied companies is provided in the Supplementary File.

It is essential to note that the survey encompassed micro-
propagation companies currently operating in Europe. Most
of them do not specialize in woody horticulture alone, as
they work based on contracts and market demand. Fur-
thermore, some of them have not yet worked on the clonal
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Table 1 The number of micropropagation companies in COST mem-
ber countries

1996 2002 2025
( Riordain 2000 )  ( Riordain 2003 )
Austria 1 5 1
Belgium 14 8 8
Bulgaria 0 0 3
Croatia Na Na 3
Cyprus Na 1
Czech Republic 3 3 4
Denmark 8 Na 1
Finland 6 2 2
France 12 4 4
Germany 31 25 30
Greece 8 4 4
Hungary 8 6 1
Ireland 3 2 3
Italy 14 6 26
Latvia Na Na 3
Moldova Na Na 1
Netherlands 36 30 16
North Macedonia  Na Na 3
Norway 6 0
Poland 7 7 8
Portugal 0 1 2
Romania Na Na 2
Serbia Na Na 4
Slovakia 4 4 0
Slovenia 1 Na 1
Spain 12 6 20
Sweden 3 2
Switzerland 4 3 0
Tiirkiye Na Na 22
United Kingdom 18 10 9
Total 199 129 184

Only countries with companies in at least one of the three surveys are
displayed. Na means this country was not included in that specific
survey

propagation of woody horticultural plants, instead focusing
on herbaceous or forest species. However, this inclusiveness
helps to highlight the potential of in vitro commercializa-
tion and the infrastructural capacities currently available to
implement large-scale in vitro production of woody horti-
cultural plants.

Although the total number of commercial producers
identified in the 2025 survey is higher than in 2002, this
increase is primarily due to the inclusion of new COST
countries, such as Serbia, Tiirkiye, and Croatia, which were
not covered in earlier assessments. Additionally, Italy has
experienced a significant increase in the number of micro-
propagation companies over the past twenty years.

A closer examination of the 129 companies identified
in 2002 reveals that only 39 (30.2%) are still active in
the micropropagation business as of today. However, the

reasons behind this drop are diverse. The first reason is that
some of the companies from the previous survey are no lon-
ger in business. The second reason is that many have ceased
their micropropagation activities but continue to operate as
breeders or sellers. The third reason is that some companies
have relocated their micropropagation activities to subsid-
iaries or laboratories abroad. Although 90 companies have
stopped their micropropagation activities in Europe since
the previous survey, 145 new companies have emerged. It
is noteworthy to mention that, while these are referred to as
“new” companies, some have already been in operation for
over a decade.

Significantly, these companies engaged in producing
micropropagated plantlets or offering micropropagation ser-
vices do not operate in isolation; rather, they can contribute
to broader economic benefits by generating demand for sup-
porting industries. Their presence encourages the develop-
ment of other businesses that supply specialized equipment
and consumables needed for tissue culture. In this context,
many European companies are actively involved in produc-
ing and marketing such products, including plastic consum-
ables, culture media chemicals, energy-efficient lighting
systems, ergonomic tools such as tissue culture scalpels and
forceps, and hardware like laminar flow hoods, sterilizers,
incubators, or growth chambers. Innovation within these
supplier companies can play a valuable role in enhanc-
ing the effectiveness and efficiency of micropropagation
operations.

To better illustrate the geographic distribution and con-
centration of micropropagation companies across Europe,
a visual representation was developed (Fig. 1). This map
provides a comparative overview of company presence by
country, highlighting regional hubs of activity and identify-
ing areas with limited commercial engagement in the sector.

As previously mentioned, not all commercial companies
listed in Table 1 focus on fruit tree species; many primar-
ily produce ornamental or other herbaceous plant species.
Among the countries presented, Italy, Spain, Tiirkiye, and
Germany stand out as the leading producers of fruit plants
in Europe through micropropagation, with the highest num-
ber of micropropagation companies specialized in this sec-
tor (Fig. 1). Further information on the leading European
producers of fruit species via micropropagation is provided
below.

Italy

Micropropagation has long been an essential sector of the
Italian nursery industry, with 26 micropropagation com-
panies currently operating in the country. However, the
commercial micropropagation cycles remain highly labor-
intensive across various stages of production, making them
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Fig. 1 Geographical distribution
of micropropagation companies
across Europe based on 2025 data
presented in Table 1. Color inten-
sity (from pale blue to dark blue)
indicates the number of companies
per country, ranging from low to
high

Number of PTC companies
ISO

0

vulnerable to competition from in vitro culture plants com-
ing from Mediterranean countries with lower labour costs.

To better understand this important commercial real-
ity, the Working Group on "Micropropagation and In Vitro
Technologies" affiliated to the SOI-Italian Society of Hor-
ticulture periodically conducts specific surveys on the con-
sistency and characteristics of Italian companies, as well as
on the varietal assortment of micropropagated plants. Since
the first survey 27 years ago, the four surveys (conducted
in 1998, 2006, 2010, and 2022) have highlighted a constant
increase in production, from nearly 19 million in 1998 to
the current 52 million together with a continuous growth
trend in the last decade of almost 2 million plants annually
(Lambardi and Previati 2012; Lambardi et al. 2024). Six
of the currently active companies were already operating
before the 1990s, but it is during the last decade that the
sector, finding new strength, has seen the start-up of 13 new
micropropagation companies. Over one-third of the compa-
nies have between 6 and 30 workers employed in the labora-
tory, while the two largest companies employ more than 50
workers in the entire micropropagation cycle.

According to the 2022 survey on production, fruit species
(rootstocks and cultivars) continue to dominate micropropa-
gation, ensuring the highest value of production (77% of
the total), characterized by a doubling in output since 2011.
Rootstocks prevail among fruit trees (over 29 million). Of
these, the most requested remains the ‘GF677’ (peach x
almond), which accounts for nearly 50% of the total in vitro
rootstock production, followed by rootstocks of apricot,
cherry, and plum. Noteworthy is the entry into production
of rootstocks of pistachio (‘UCBI’), citrus, and hazel-
nut. As for cultivars, over 10 million units are produced;
almost triple the quantity recorded 12 years ago. Among
the most popular species, we still find kiwifruit, represented
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in micropropagation mainly by the historical cv. Hayward.
Great interest has recently been paid to hazelnuts, whose
cultivars represent over 28% of the total plants obtained in
vitro, and berry fruits, especially blueberries, which account
for 21% of the fruit cultivars via in vitro culture. Olive, fig,
and walnut cultivars share a minor production.

An increase was also recorded in the case of vegetables
(artichoke), with almost 3 million more plants, compared to
2010. In contrast, the trend for ornamentals has been one of
continuous decline in production from 2006 to the present.

Tiirkiye

Tiirkiye’s involvement in plant tissue culture began in the
1970s through academic initiatives, primarily led by Ankara
and Ege Universities (FAO 2001). These early efforts
focused on establishing protocols for the in vitro propaga-
tion of herbaceous crops, including potatoes, bananas, and
strawberries. Through the 1980s and mid-1990s, tissue cul-
ture technologies gradually transitioned into the private sec-
tor, marking the beginning of commercial-scale applications.
According to Gozen et al. (1995), most micropropagation
companies were financed by the Turkish Ministry of Agri-
culture, under the supervision of universities and research
institutes. During this period, the focus remained on high-
throughput crops, such as ornamentals and tuberous species,
while woody crops remained largely underdeveloped.

The 2000s marked a period of institutional growth and
increasing commercialization in the micropropagation sec-
tor. Numerous micropropagation companies were estab-
lished with support from the Ministry of Agriculture and
Forestry and TUBITAK (the Scientific and Technological
Council of Tiirkiye)-funded programs. Acclimatization pro-
cesses were integrated into modern greenhouse systems,
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and quality control frameworks and certification mecha-
nisms began to take shape (Cetiner 2015). On the other side,
the private sector maintained its production cycles with
rootstocks such as ‘GF677° (peach X almond), ‘M9’ and
‘MM106’ (apple), and ‘Myrobalan 29C’ (plum), which were
widely adopted, indicating a strategic shift toward woody
crops.

However, this trajectory was not without its limitations.
Despite the rise in institutional infrastructure and research
expenditure, which reached 55.3 million EUR between 2010
and 2012 for biotechnology R&D, many Biotechnology
Research Centers failed to yield commercially viable out-
comes. In this respect, Cetiner (2015) highlighted that these
centers largely replicated low-impact international studies
and struggled to translate findings into patents or industrial
applications. The strategy documents were often vague and
impractical, and the number of patents successfully con-
verted into products was nearly negligible. In addition, the
proliferation of biotech startups within technoparks—origi-
nally designed to foster collaboration between universities
and industry—often led to the misuse of R&D incentives.
Many such ventures engaged in clonal propagation of
patented fruit varieties without due licensing, effectively
undermining Intellectual Property (IP) regulations and cre-
ating unfair competition for established labs outside these
zones (Cetiner 2015).

From 2016 onward, the sector experienced significant
contraction, particularly following the global COVID-19
pandemic. Economic volatility, high inflation, labour costs,
and the lack of automation reduced the production capacity.
In the absence of comprehensive sectoral reports, field-based
observations and informal consultations with stakeholders
suggest that numerous small and medium-sized companies
either ceased operations or significantly scaled down their
activities. Some certified facilities remained legally active
but functionally dormant. This downturn underscored the
fragility of a sector heavily reliant on public funds and dis-
connected from sustainable commercial models.

By 2023, a phase of strategic realignment had become
increasingly evident. Instead of a broad-based recovery, the
sector consolidated around a small number of high-capacity
companies, primarily located in the Mediterranean region
that shifted their focus to export-oriented production strate-
gies. These companies concentrated on the clonal propaga-
tion of woody crops, including apple, peach, pear, pistachio,
and walnut, and expanded their operations into international
markets across Central Asia, the Far East, and the Middle
East and the North Africa (MENA) region. As a result of
these strategies, the country has become one of the major
rootstock producers in Europe (Table 1). In recent years,
olive and palm trees, as well as ornamental woody species
for indoor and outdoor use, have gained popularity within

this export-driven framework. While these developments
are not fully documented in official publications, they align
with observed trends in company portfolios, participation
in trade exhibitions, and anecdotal accounts from industry
professionals.

Although recent records from the Ministry (BUGEM
2024) indicate that only 16 certified micropropagation com-
panies remain operational in the country—11 of which are
primarily dedicated to woody crop propagation—informal
market tracking suggests that the actual number of active
firms providing on-demand services for woody crops may
be closer to 22 (see Table 1). While this trend may reflect
a degree of specialization and value addition, it also high-
lights a reduction in crop diversity and a growing reliance on
a limited set of high-value species for commercial survival.

In conclusion, the plant tissue culture industry in Tiirkiye
has undergone three developmental stages over the past 30
years: initial academic consolidation (1970-1990 s), com-
mercial expansion (2000-2015), and economic contrac-
tion coupled with regional specialization (2016-2025).
While the country’s fruit rootstock production is technically
sophisticated and internationally competitive, the sector
continues to face significant challenges.

Germany

The story of the commercial application of micropropagation
techniques in Germany has seen a significant transforma-
tion since the early 1980s. The foundation of the Associa-
tion of German In Vitro Culture Laboratories (ADIVK) in
1985 marked the beginning of a coordinated effort to collect
statistical data on micropropagation laboratories and plant
production across the country. According to Winkelmann
et al. (2006), the number of micropropagation companies
increased from 12 in 1984 to approximately 27-30 by 2004.
This growth was associated with a remarkable increase in
production output, rising from 5 million plants per year in
the mid-1980s to nearly 49 million by 2004.

Hutter and Schneider (2019) extended this analysis using
data collected from ADIVK members up to 2017. Their find-
ings confirm that the number of active commercial labora-
tories remained relatively stable at 27, indicating structural
stability within the sector. This stability is attributed to the
predominance of family-owned businesses, conservative
growth strategies, and the outsourcing of labor-intensive
production steps to partner micropropagation companies
in lower-cost regions. However, plant production volumes
experienced a notable decline, dropping to 28 million
plants—a nearly 40% decrease—in 2017. This reduction
can primarily be attributed to the outsourcing of labor-
intensive production stages to countries with lower labour
costs, particularly in Eastern Europe and Asia. Despite these
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challenges, the micropropagated plants, such as orchids,
strawberries, and selected woody plants, continue to play a
central role in Germany’s plant production industry (Hutter
and Schneider 2019).

The number of micropropagated woody plants in Ger-
many decreased from approximately 2.6 million in 2004 to
1.44 million in 2017, which represents a decline of about
44.6%. While genera such as Rhododendron, Syringa, and
Prunus remain prominent, overall production has decreased
due to shifting economic priorities and technical limita-
tions, such as difficulties with rooting and genotype-specific
responses. Notably, Syringa was micropropagated in 2017,
resulting in 426,000 units, reflecting growing interest in
ornamental landscaping (Hutter and Schneider 2019). In
contrast, the micropropagation of forest tree species, such
as Populus, Robinia, and Juglans, remains limited to fewer
than 250,000 units annually, primarily due to insufficient
commercial demand and the need for improved somatic
embryogenesis protocols.

Although woody plants account for only around 5%
of total production (1.44 million units in 2017), they rep-
resent a niche segment where customers are often willing
to pay a premium for high-quality, pathogen-free material.
Winkelmann et al. (2006) suggested that innovations such
as temporary immersion systems (TIS) and automated cul-
ture management could reduce costs and support the wider
adoption of tissue culture for forest trees. However, these
innovations have not yet been widely adopted in commer-
cial practice due to technical constraints, such as hyperhy-
dricity and contamination risks in large-scale liquid culture
systems (Hutter and Schneider 2019).

Consequently, the German micropropagation sector
has demonstrated remarkable continuity in the number of
micropropagation companies, despite facing economic
pressures and evolving market conditions. The sector’s
ability to adapt to new challenges, combined with ongoing
innovations in plant propagation and breeding, positions it
well for future sustainability and growth.

Spain

Plant tissue culture in Spain has seen significant develop-
ment, particularly in the areas of micropropagation, germ-
plasm conservation, and genetic improvement. Specialized
research groups and institutions that were developing in
vitro studies independently have been more unified by the
formation of the Spanish Society of In Vitro Cultivation of
Plant Tissues (SECIVTV) in 1992, by the Spanish branch
of the International Association of Plant Tissue Culture
(IAPTC). Since then the SECIVTV (https://secivtv.org) has
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very ably achieved its primary aim to encourage interest in
the development of in vitro culture of plant cells, organs,
and tissues, as well as organizing scientific conferences and
other meetings in Spain that serve to educate and promote
contact between people interested in this rapidly expanding
area of plant science with general interest groups, more than
100 species specialist groups, a host of nearly 40 groups to
share specialist aspects biotechnology.

The SECIVTV has more than 120 members, including
researchers and students from universities, public research
organizations and private companies. The association pro-
vides a forum for sharing basic and applied knowledge of in
vitro culture and contributes significantly to industry inno-
vation and application of ideas such as widespread LED use
(Barcelo-Muiioz et al. 2022) or confronting issues related
to efficiency and automation or recalcitrance and bioreac-
tor use in plant tissue culture laboratories (Georgiev et al.
2014; Vidal and Sanchez 2019) plus in vitro application to
problem solving in the diverse sectors of agriculture, horti-
culture, forestry and germplasm conservation.

Spain has an extended history of integrating in vitro pro-
cedures for research, conservation, plus commercial prop-
agation of indigenous and exotic forest and fruit species.
Recalcitrance issues are common in many woody plants of
commercial and research interest. To overcome these issues,
various methods have been explored to enhance propagation
efficiency using improved protocols and culture systems.
Ornamental nursery plant production in vitro is typically
carried out on a smaller scale by relatively small compa-
nies and it remains limited in comparison to the large-scale
propagation of diverse fruit and multipurpose crops. Within
the industry, there is a strong focus on high-quality and
high-health plants at competitive prices. Specialist in vitro
research services are also available to support problem-
solving, particularly for newly introduced species or culti-
vars or economic interest.

Several of the larger laboratory and nursery operations
also have international links to related businesses acting as
global distributors or producers of their in vitro plant mate-
rials. These businesses often employ over 1000 staff and
collectively produce more than 10 million plants annually,
both for their own use and custom orders from clients. The
primary fruit crops propagated in vitro include rootstocks
for stone fruits (such as cherry, peach, and almond), pome
fruits (such as pear and apple), and berry crops, particularly
blueberries, raspberries, and blackberries. Additionally,
other specialty woody plants, these include chestnut, white
oak, walnut, pistachio, avocado, pineapple, and guava, with
further growth opportunities in banana and date palm, are
gaining commercial interest in expanding micropropagation
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efforts. The Supplementary Information includes a list
of Spanish tissue culture companies and plants produced,
sourced from SECIVTV (https://secivtv.org). The list of
plants in production at any time under in vitro conditions is
constantly changing as commercial opportunities arise and
decline.

Major woody crops produced by
micropropagation

This section outlines the primary woody plant species cur-
rently propagated in micropropagation companies across
Europe. The focus is placed on high-value crops such as
stone fruits, berries, nuts, and palms, which are selected
based on market demand, propagation challenges, and the
benefits of clonal fidelity. Each crop group is discussed in
terms of commercial importance, technological readiness,
and, where possible, geographic distribution of production
based on literature and expert consultation.

Stone and pome fruits—rootstocks and cultivars

Stone and pome fruits represent a cornerstone of Mediter-
ranean horticulture, encompassing peaches, apricot, cherry,
plum, almond, olive, apple, and pear. Since most pome fruit
production is based on grafting cultivars onto selected root-
stocks, the production of micropropagated plants is strongly
focused on producing the rootstocks most requested by the
nursery market. Among the most produced selections, we
find ‘GF677’ (peach x almond rootstock), ‘Garnem’ (peach
rootstock), the ‘Gisela®” series (cherry rootstock), ‘M29C’
(apricot rootstock), ‘Marianna’ (plum rootstock), and
‘UCBI’ (pistachio rootstock). The production of stone fruit
cultivars is limited to those species for which there is still
a good demand for self-rooted plants, such as olive. In this
sense, olive represents a special case in the scope of com-
mercial micropropagation. The market today requires large
quantities of plants for modern intensive cultivation sys-
tems, and efficient micropropagation protocols have been
developed for a long time and recently optimized (Lambardi
et al. 2023). Nevertheless, the production of olive micro-
propagated plants remains limited due to several persistent
constraints. First, significant genetic heterogeneity among
cultivars affects propagation efficiency, while some variet-
ies respond well to in vitro culture, others remain recalci-
trant. Second, most multiplication protocols rely on zeatin,
an expensive cytokinin, which raises production costs and
often makes micropropagated plants less competitive than
those obtained through traditional cutting techniques. Third,

as with conventional propagation, the rooting phase remains
inefficient in a high number of cultivars (Fabbri et al.
2004). On the other hand, micropropagation is increasingly
regarded as a strategic tool for producing certified, patho-
gen-free olive plants, especially in response to the outbreak
of Xylella fastidiosa, a quarantine bacterium responsible for
devastating losses in olive orchards across south-eastern
Italy. In vitro propagation offers a controlled system for the
multiplication of elite, disease-free genotypes, supporting
long-term replanting programmes and efforts to contain the
spread of this pathogen to other Mediterranean olive-grow-
ing regions (Catalano et al. 2022).

Much more limited is the production of pome fruits by
micropropagation, primarily restricted to a narrow range of
apple and pear rootstocks. This reality reflects the greater
difficulty of developing highly efficient protocols for pome
fruit rootstocks, such as making their production by micro-
propagation economically advantageous, as an alternative
to traditional vegetative propagation techniques (mainly
cuttings).

Berry fruits, kiwi, and fig

Berry fruits, including blueberries (Vaccinium spp.), rasp-
berries (Rubus idaeus), blackberries (Rubus fruticosus), and
currants (Ribes spp.), have shown notable growth in culti-
vation and micropropagation throughout Europe. In recent
years, berry crops have attracted substantial commercial
interest, with the production of micropropagated plants
more than doubling over the past decade. This trend reflects
the increasing market demand for virus-free, uniform plant-
ing material, alongside the expanding use of in vitro tech-
niques for the major Vaccinium and Rubus species.

The kiwifruit (Actinidia spp.) is considered relatively
easy to propagate in vitro, with efficient protocols and low
costs associated with the final acclimatized plants. However,
unrestricted production is only available for the green cv.
‘Hayward’, while the new selections of yellow kiwi (such
as the ‘Zespri Sungold’, and the Italian selections ‘Jintao’
and ‘Soreli’) are protected by plant breeders’ rights, thus
their in vitro propagation is restricted to micropropagation
companies authorised by the respective breeders.

The situation differs in the case of fig (Ficus carica), a
member of the Moraceae family, which is also considered
easy to micropropagate. However, in this case, market
demand is quite limited. Consequently, some micropropaga-
tion companies produce only the low quantities the market
requires from the laboratory.
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Nuts—hazelnut, walnut, pecan, pistachio

In recent years, there has been growing interest in expanding
the use of micropropagation techniques to a broader range
of woody crops, particularly in response to rising demand
for high-quality planting material.

Among nut trees, Corylus avellana (hazelnut) stands out
as a major species targeted by commercial tissue culture
operations, followed, to a much lesser extent, by walnut
(Juglans regia) and pecan (Carya illinoinensis) (Sharma et
al. 2025; Korkmaz et al. 2022; Vahdati et al. 2020; Ferrucci
et al. 2023). For pistachio, there is an important and yearly
increasing commercial production through the micropropa-
gation of the rootstock ‘UCB1’ (Pistacia atlantica x Pis-
tacia integerrima). These species are favored due to long
juvenile periods and difficulties in conventional propaga-
tion, high market demand for nuts in both local and global
markets, and the ability to produce clonally uniform and
elite genotypes, especially for rootstock development or
disease resistance.

Commercial-scale micropropagation of woody trees,
including nut trees, is increasingly performed in Europe
in countries such as Italy, Spain, Tiirkiye, and Germany
(Table 1), where industry-driven laboratories produce thou-
sands of plantlets annually. Notably, efforts in Italy have
focused on developing hazelnut trees with a single-stemmed
growth habit, making them suitable for mechanical harvest-
ing (Ferrucci et al. 2023).

Palms

Palms are a unique group of woody plants; in contrast to the
other fruit crops, they are monocotyledons. Monocotyledons
cannot form adventitious (de novo) meristems (Tomlinson
1973), which limits the propagation techniques that can be
used. Among the broad diversity of palm species, only three
species—the coconut, oil, and date palms—are cultivated
on a larger scale (Christenhusz and Byng 2016; FAO 2025).
While micropropagation protocols exist for all three species
(Amine Mazri and Meziani 2015; Romyanon et al. 2015;
Wilms et al. 2021), to date, only the date palm has been
effectively micropropagated in Europe, according to our
survey data (Table 1). It is commercially micropropagated
in Europe by companies in the UK and Spain, supplying
micropropagated clones of elite palms to European markets.
However, on the global stage, these producers face strong
competition from other producers. Whilst no other palms
are yet widely propagated within Europe, several European
companies are collaborating with universities to develop
scalable protocols and overcome propagation obstacles in
different palm species (Weckx et al. 2019).
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Constraints and pathways forward for
the large-scale propagation of woody
horticultural species

Significant advancements have occurred in tissue culture
propagation systems; however, the widespread adoption of
in vitro techniques in woody horticultural species remains
constrained by limitations that affect the scalability and sus-
tainability of commercial operations. Understanding such
limitations is essential for optimizing micropropagation
systems, thereby enabling broader implementation across
diverse woody horticultural crops and further expansion,
including underrepresented countries. The following sec-
tion outlines the major limiting factors currently impeding
commercial success and proposes some solutions to over-
come these issues.

Key limitations in commercial micropropagation

Limitations related to botanical and physiological aspects in
certain species, as well as methodological and infrastructural
aspects, are still observed (Fig. 2). These limitations consti-
tute real challenges that must be minimized first within the
general framework of commercial micropropagation and
then, on a case-by-case basis, for the genotype-based ones.
Recalcitrance is a limitation that prevents the efficient in
vitro propagation of some commercially important woody
species, such as chestnut, walnut, and avocado, thereby lim-
iting their commercialization or use in ex situ conservation
programs (Benson 2000). The inability to stabilize shoot
cultures is a phenomenon related not only to the genotype
and its physiological characteristics, but also to the possible
stress that can be caused during physicochemical manipula-
tions under culture conditions (Hazarika 2006; Bairu and
Kane 2011; Ruffoni and Savona 2013). Recalcitrance can
occur at different stages of micropropagation and is also
manifested by various symptoms which compromise the
stabilization ability and regeneration potential of shoot cul-
tures (McCown 2000; Choudhary et al. 2020; Rathore et al.
2007). Typical symptoms of recalcitrance include: (i) Shoot
tip necrosis that causes death of the shoot tip, which limits
further proliferation in culture (Bairu et al. 2009; Teixeira da
Silva et al. 2020); (ii) Tissue browning that results from oxi-
dative stress and the release of phenolic compounds at the
base of the explant cut, which causes tissue death (Cassells
and Curry 2001; Thorpe et al. 2008); (iii) Poor lateral shoot
growth, producing a low and uneconomic micropropaga-
tion rate (Benson 2000; Abdalla et al. 2022;) (iv) Excessive
callus formation at the base of the shoots without further
differentiation into organized structures (Choudhary et al.
2020; Moyo et al. 2011); (v) Leaf chlorosis and deformation
accompanied by abnormal and reduced growth of explants
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Fig. 2 Strategic roadmap addressing limiting factors in the commercialization of in vitro production of woody horticultural plants

in culture (Lebedev et al. 2019; Nurtaza et al. 2024) (vi)
Reduced rooting competence causing difficulty or complete
failure in the formation of adventitious roots even in the
presence of applied exogenous auxins (George 1993; Bunn
2009) (vii) Precocious senescence observed with prema-
ture leaf drop and significant reduction in the regenerative
potential of explants (Choudhary et al. 2020; Mahmoud et
al. 2020) (viii) Hyperhydricity, the phenomenon of accumu-
lation of excess amount of water in plant tissues, causing
reduction of metabolic processes and physiological func-
tions (Kevers et al. 2004; Polivanova and Bedarev 2022).
The severity and combination of these symptoms can vary
depending on the plant species, genotype, composition of
the culture medium, physical incubation conditions, and
culture duration (George et al. 2008; Fang and Jao 2000;
Ruffoni and Savona 2013). From a commercial perspective,
the occurrence of one or more of these factors frequently
affects the micropropagation cycle in a way that renders that
specific production line to be economical.

Labour costs remain one of the most substantial
expenses in plant micropropagation, alongside culture
materials and reagents. According to Tomar et al. (2007),
35% of expenses during plant micropropagation in the early
2000s could be attributed to labour costs. This percentage,
of course, is region-dependent, as in some countries, such
as Italy, it can increase up to 60—70% (De Paoli and Masini

2009). This cost remains high, as more recent reports from
Poland indicate that labour costs contribute up to 48% of
the total cost for Paulownia tomentosa X P. fortunei pro-
duction (Pozoga et al. 2019). It has been suggested (Tomar
et al. 2007) that labour costs can be reduced if a plant tis-
sue culture lab is established in a country with lower daily
wages. Labour costs, net income per year, and gross salary
between European countries vary, thus resulting in competi-
tion between countries. According to Eurostat, in 2023, the
annual net average earnings (NAE) in Europe ranged from
€4,677 in Bulgaria to €45,481 in Switzerland, with an aver-
age of €16,410 across the European area (Eurostat 2025a).
Salary is affected by taxes. One way to measure the extent
to which labour tax has a negative impact on employment is
by calculating the average tax wedge. The tax wedge (TW)
comprises legal deductions from gross salary (Efecan Aktas
2023). In the EU, the average tax wedge in 2023 was 39.3%,
with the highest value at 46.1% in Belgium and the lowest at
20.4% in Switzerland (Eurostat 2025b). If we look at annual
NAE and TW at major in vitro plantlet producing countries
in Europe, we find Italy (NAE 14852 EUR, TW 38,4%),
Spain (NAE 14106 EUR, TW 36%), Tirkiye (NAE 5133
EUR, TW 33,7%), The Netherlands (NAE 27537 EUR, TW
27,2%), Poland (NAE 7648 EUR, TW 32,4%), Germany
(NAE 21660 EUR, TW 43,7%). Four of the six countries
have below-average NAE and TW (the Netherlands has
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NAE above average but TW below, and only Germany has
both parameters above average). If we examine other Euro-
pean countries with below-average NAE and TW, Bulgaria,
Romania, Croatia, Latvia, Lithuania, Czechia, Portugal,
Greece, Estonia, and Malta are the countries that have this
potential.

Infrastructure costs are an essential factor in determin-
ing the financial viability of micropropagation companies.
Investing in infrastructure requires careful calculations to
ensure the necessary space and facilities for a well-func-
tioning micropropagation laboratory on an industrial scale.
Setting up such an infrastructure requires significant capital
investments, which can act as a barrier to market entry for
small enterprises, particularly in regions with limited fund-
ing support or access to grants. The initial investment is in
the building’s surface area, with numerous investments in
various facilities within it that ensure the effective imple-
mentation of each work process while maintaining high
hygiene standards. However, in subsequent years, equip-
ment-related costs—excluding those associated with infra-
structure—may account for as little as 9% of the plant’s total
annual production costs (Tomar et al. 2007). In this respect,
the spatial arrangement of equipment and work areas should
be optimized to minimize personnel traffic within the sys-
tem. Clonal propagation laboratories are designed to pro-
duce a large number of plants annually, often reaching into
the millions. The size of the growth rooms, the preparation
and sterilization rooms for the nutrient media, the number
of laminar flow hoods and other equipment, as well as the
size of the conservation rooms and greenhouses, must be
significant. Such an initial investment requires a substantial
amount of capital, which, of course, must be invested with a
well-developed business plan in advance.

Managing stock size, conservation, and shipment chal-
lenges is critical to ensuring sustainable and profitable in
vitro woody crop production. A significant limitation for
many commercial companies is maintaining in vitro a suf-
ficient number of high-quality stock plants to meet fluctu-
ating market demands and ensure production continuity
(Tigrel et al. 2022). However, sustaining such large stock
inventories places a considerable workload, space, and
resources, particularly when regeneration rates are not pre-
cisely controlled. Adjusting cytokinin concentrations during
subsequent subcultures may help to stabilize regeneration
and prevent labour overload, supporting efficient produc-
tion cycles (Bayhan and Yiicesan 2024; Chugh and Kumar
2022).

Another critical issue is the long-term conservation of
stock lines, as an extended number of subcultures increases
the risk of somaclonal variation and physiological decline.
In this sense, although the optimized commercial proto-
cols minimize the risk of genetic alterations even for very
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long periods of subculturing, as a precautionary principle
the Italian legislation for the production of certified plants
by micropropagation imposes a limit of 18 subcultures of
exploitation of the shoot line before the obligation to renew
the culture, divided into six subcultures in the introduction
in vitro and stabilization phase and 12 in multiplication
phase. The inability to optimize regeneration rates, physical
and chemical conditions, and the failure to apply molecu-
lar monitoring techniques to verify the genetic fidelity and
vigor of source material across multiple cycles present a
serious threat to the uniformity and commercial reliability
of propagated plants (Wibowo et al. 2022).

Shipment management presents its own set of challenges,
particularly in maintaining plant viability during transporta-
tion due to the sensitivity of in vitro materials and the need
for sterile, controlled packaging. Plantlets are often shipped
in ex-agar conditions to reduce costs, especially when com-
peting with low-cost markets such as those in Asia (Yiicesan
and Tigrel 2024), a process that may cause desiccation, con-
tamination, and mechanical damage. In addition, the lack
of synchronization between production cycles and shipment
schedules can lead to overproduction, underutilization, or
delays, all of which undermine profitability and customer
satisfaction. Currently, the development of new microprop-
agation techniques has become less critical than optimizing
logistics and fostering customer interactions. For example,
the use of barcoding for culture vessels serves as a safety
system, facilitating the calculation of propagation cycles,
tracking of vessels, and online stock analysis, thereby
ensuring the highest level of production reliability (Hutter
and Schneider 2019).

Intellectual property rights (IPRs) can be of vital impor-
tance for agriculture. The main IPRs relevant for agricul-
tural innovation are: (i) patents, which protect inventions;
(il) plant variety rights, which protect the cultivation of
new and different plant varieties; and (iii) trademarks and
geographical indications, which facilitate the marketing of
products by protecting symbols of production or geographi-
cal origin (Blakeney 2022). Espacenet, the database of the
European Patent Office (2025), contains the entire collec-
tion of European patent applications published by the EPO,
offering access to more than 150 million patent documents
worldwide, including information on inventions and tech-
nical developments from 1782 to the present day. Accord-
ing to searches conducted in the Espacenet database using
the keywords ‘plant tissue culture’ and ‘micropropagation’,
respectively, 981 and 284 invention applications were iden-
tified (European Patent Office 2025). The Community Plant
Variety Office (CPVO, n.d.), the European Union agency
responsible for managing the Community Plant Variety
Rights system, recognizes intellectual property rights to
new plant varieties in EU countries, and provides policy
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guidance and assistance to stakeholders on how to exercise
these rights. They help to protect new plant varieties across
the EU, protect the interests of breeders, and ensure that
their investments in research and innovation are profitable.

However, in addition to their advantages, IPRs can have
adverse effects, particularly for small and medium enter-
prises (SMEs) and individual farmers, as they can restrict
competition, increase production costs, and limit access to
essential goods and services (Scaria et al. 2024; LexDogma
2022). The limitations imposed by patents are more pro-
nounced in developing countries, as the number of small
enterprises and individuals affected by these restrictions is
high, and the impact of corporate control on plant biotech-
nology and agricultural control is significant (Solanki and
Rathi 2021; Scaria et al. 2024).

In this context, it is essential to strike a balance between
protecting IPRs and patents, and facilitating access to
innovative methods and new inventions (Lesofe 2017).
Achieving this balance requires the active involvement of
multiple stakeholders. Intellectual property holders must
be assured adequate protection for their innovations, while
users (such as those engaged with biotechnological plant
products, seeds, and newly developed plant varieties) must
be granted fair access to these innovations. Governments,
policymakers, and non-governmental organizations (NGOs)
play a critical role in mediating this balance, ensuring that
the protection of IPRs does not compromise broader public
interest.

Strategic solutions for advancing commercial
micropropagation

To ensure the sustainable advancement of commercial
micropropagation, innovative solutions must be imple-
mented at multiple levels (Fig. 2). This section presents
strategic directions, highlighting promising practices and
tools that can help overcome existing barriers and promote
sector-wide resilience and growth.

Developing automation, robotization, and innovative
culture systems

Bioreactor technology is an advancement that has pro-
vided effective alternatives to traditional solid media cul-
tures, increasing efficiency for promoting uniform growth
by alternating exposure to liquid media and air (Etienne and
Berthouly 2002). Over time, different TIS bioreactors have
been proposed, such as RITA® (Alvard etal. 1993), SETIS™
(Lotfi and Werbrouck 2020), PLANTFORM™ (Welander et
al. 2014), Twin-Flask TIS (Escalona et al. 1999), and Elec-
TIS (Sota et al. 2021; Elazab et al. 2023), which have proven
to be more cost-effective than conventional agar-based

micropropagation systems. A challenge remains to integrate
bioreactors with sensor arrays capable of real-time monitor-
ing of pH, atmospheric gases, nutrient levels, and biomass
density, allowing dynamic control of the growth environ-
ment. Nevertheless, applying bioreactors across a wide
range of species continues to be difficult, as species-specific
adjustments to culture conditions are often necessary.
Automation and robotization can be effectively used
since both production costs and the time required for in vitro
manipulation can be reduced. Such efforts began in the early
19905 (Tisserat 1991; Peleg et al. 1993; Aitken-Christie et
al. 1995; Fari et al. 1996) and have continued to advance to
date (Yang et al. 2011; Lee et al. 2019; Rajan et al. 2025). In
recent years, numerous advances have been applied in com-
mercial companies to activities that precede and follow the
subculture phase, such as preparing culture jars and plastic
boxes, organizing the growth chamber, and transplanting
operations from in vitro to in vivo for acclimatization. The
situation is different with regard to the subculturing activ-
ity, which is one of the most important and costly steps of
the micropropagation cycle. So far, the prototypes of robot-
ization for this procedure are always developed on species
characterized by a certain “simplicity” of cutting, while the
development of subculturing prototypes suitable for “com-
plex” species, that multiply in vitro through the division of
crowded clusters of shoots, remains problematic. However,
some recent experimental platforms, focusing on design-
ing robots to assist operators by automating manual proce-
dures, are worthy of mention. Examples of such innovations
include the Tissue Culture Planter (Viscon Group, The Neth-
erlands), the RoBo®Cut (Robo®Tec, Brema, Germany), and
the SmartClone™ (NuPlant, Queensland, Australia). How-
ever, there are still limitations to their widespread adoption
in large-scale production, as many systems are specifically
designed to optimize the manipulation of specific geno-
types (Lee et al. 2019; Sluis 2008) rather than supporting
broad application across diverse plant species, because the
biological heterogeneity in explants complicates precise
cutting, as variations in tissue texture and structure often
require human judgment. One promising direction involves
integrating robotic arms with artificial intelligence and
machine learning algorithms trained on image recognition
and adaptive decision-making. Hamm et al. (2024) reported
that machine learning-enhanced robotic systems could pro-
gressively learn to mimic expert-level interventions, poten-
tially improving tissue identification and precision handling
in plant micropropagation tasks. In this model, the use of
multivariable and multiple data sets can enhance the qual-
ity of exposure to physical-chemical factors, as well as
more effectively predict potential expected events (Hes-
ami et al. 2019, 2022; Ibrahim et al. 2023). The applica-
tion of machine learning models has also been reported to

@ Springer



53 Page 12 of 20

Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 162:53

be effective for the automated detection of hyperhydricity
(Bethge et al. 2023a) or an automated phenotyping system
for in vitro plants (Bethge et al. 2023b; Mestre et al. 2017).

Energy-efficient systems are essential for reducing oper-
ational costs in micropropagation systems, especially within
capital-intensive micropropagation facilities that operate
under controlled environmental conditions. The primary
energy demands arise from artificial lighting and Heating,
Ventilation, and Air Conditioning (HVAC) systems, which
are essential for maintaining optimal growth parameters.
According to Tomar et al. (2007), electricity consumption
alone can account for up to 20% of total production costs,
particularly due to continuous shelf lighting and the thermal
load generated by air conditioning. These insights highlight
the critical need for energy-efficient strategies to enhance
the economic sustainability of micropropagation operations.
Compared to other plant factory models, such as hydroponic
systems (Kozai 2018a, b), micropropagation systems gen-
erally exhibit lower overall energy requirements. This is
largely due to their use of small culture vessels, such as jars,
rather than large-scale, fully enclosed cultivation cham-
bers, which significantly reduces energy demand. One of
the most effective methods for improving energy efficiency
in micropropagation environments is the adoption of LED
lighting technologies. LEDs operating at approximately 11
watts can replace 18 W fluorescent tubes, yielding energy
savings of 30-50% (Akiyama and Kozai 2018). In a com-
parative study, Miler et al. (2019) further demonstrated that
LED systems reduced electricity use by 40% compared
to traditional high-pressure sodium (HPS) lighting, while
maintaining or improving biomass yield and lowering car-
bon emissions. These results support the broader application
of LEDs in in vitro systems, where control over spectral out-
put and thermal load is crucial.

In addition to lighting innovations, optimizing tempera-
ture and humidity control, while reducing dependence on
HVAC systems, offers another avenue for cost savings.
Although strategies from large-scale plant factories are
informative, they must be adapted to account for the inher-
ently lower energy intensity and structural characteristics
of micropropagation facilities. For instance, controlled
enrichment of CO, levels, commonly used to boost pho-
tosynthesis in plant factories, can be selectively integrated
into photoautotrophic micropropagation systems to improve
growth while minimizing climate control costs (Graamans
et al. 2018). Moreover, the implementation of multi-tier cul-
tivation systems can enhance space and energy efficiency,
reducing the fixed energy cost per propagated unit. Effec-
tive thermal management of LED-generated heat, combined
with the use of low-capacity, energy-saving equipment,
can further reduce the operational energy burden. While
research in this area remains limited, adapting principles
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from plant factory models holds promise for maintaining
energy expenditure below 20% of total production costs
in in vitro micropropagation systems. Such advancements
are essential for building a more economically viable and
environmentally sustainable infrastructure for commercial
micropropagation.

Developing new compounds to promote advances in the
composition of culture media

The discovery and application of new compounds can
help overcome recalcitrance in micropropagation, thereby
enhancing plant growth and regeneration at various stages
of in vitro propagation. In addition to genotype and physi-
cal incubation conditions, the chemical composition of the
nutrient medium is a fundamental factor that determines
the success of the culture and the stabilization and effec-
tive in vitro regeneration of plantlets. The presence of plant
hormones, especially cytokinins and auxins, is particularly
important. The most commonly used naturally occurring
cytokinins are zeatin, 2-isopentenyladenine (2-iP), and
zeatin riboside. However, these cytokinins can be naturally
degraded or inactivated by plant enzymes, which decreases
the concentration of active cytokinin and also its efficiency.
For this reason, cytokinins (mainly synthetic) with reduced
susceptibility to metabolic transformations were employed.
This group includes kinetin, 6-benzyladenine (BAP), thidi-
azuron, meta-topolin, and mefa-methoxy-topolin cytokinin
family (Nisler 2021). Studies have shown that the addition
of these compounds to the nutritional medium can reduce
the rate of hyperhydration and shoot tip necrosis, while
increasing biomass production under controlled in vitro
conditions (Werbrouck 2021; Ahmad and Anis 2019).
Recently, a new class of compounds has emerged that
appears promising for certain species and applications.
These compounds are inhibitors of cytokinin oxidase/
dehydrogenase (CKX inhibitors), which prevent the degra-
dation of cytokinins in plants. An extensive study on the
development, synthesis, and biological activity of over
100 CKX inhibitors was published by Nisler et al. (2021;
2022; 2024) (see also 4.2.4.). Most of the compounds are
substituted diphenylurea derivatives, but unlike thidiazuron
(TDZ), these compounds do not exhibit their own cytoki-
nin activity. This is their main advantage, because the CKX
inhibitors only prolong the life-time and activity of natural
cytokinins, whether intrinsic or exogenously applied. Such
CKX inhibitors thus provide a new tool to gently balance
and prolong the level of active cytokinins in the tissue cul-
ture. For example, it was demonstrated that during 14 days
in culture, CKX inhibitor number 52 reduced the degrada-
tion of 2-iP in tobacco leaf disks by ~25% (Nisler et al.
2022). Using CKX inhibitors in combination with natural
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cytokinins allows the use of lower cytokinin concentrations
and keeps this concentration more stable for a longer period.
In some species, this may result in positive changes in cell
and tissue development. Thus, CKX inhibitors 19 and 21
(from Nisler et al. 2021) stimulated the 2iP-induced direct
somatic embryogenesis in Coffea arabica (Murvanidze et al.
2021). The CKX inhibitors numbers 19 and 77 were shown
to improve shoot regeneration in many species, including
Populus sp., Lobelia sp., Lavandula sp., Drosera sp. and
Plectranthus sp. (Nisler et al. 2024).

Financial opportunities—the role of Horizon Europe grants

One of the challenges facing micropropagation in the 21 st
Century is the substantial costs associated with driving
Research and Development forward (Cardoso et al. 2018).
Although the high cost of research is a challenge, grants
and government incentives offer financial opportunities for
researchers and companies. The European Commission has
been supporting collaborative research projects since 1987,
when the first Research and Development Framework Pro-
gramme was launched. Since then, the relevant European
budget envelope has grown steadily (Wedekind and Philbin
2018). Horizon Europe Program is the European Union’s
largest source of public funding for research, development
and innovation (RDI) (European CAP Network, 2023).
This programme is a research and innovation framework
programme run by the European Union from 2021 to 2027.
With a budget of €95.5 billion, Horizon Europe is based
on three pillars (Comte et al. 2024; European Commission
2021). These pillars are the (i) Excellent Science, (ii) Global
Challenges and European Industrial Competitiveness, and
(iii) Innovative Europe.

The Excellent Science pillar enables the European Union
to enhance its global competitiveness. The Global Chal-
lenges & European Industrial Competitiveness pillar sup-
ports research relating to societal challenges and reinforces
technological and industrial capacities through clusters.
Through the European Innovation Council, the Innovative
Europe pillar aims to make Europe a leader in innovation
by creating the market (European Commission 2021). The
pillars have a vast target audience and are intended for spe-
cific purposes to help overcome the financial impossibili-
ties sometimes encountered in realizing research projects.
Therefore, these grants offer a unique opportunity, espe-
cially for research and development studies with good com-
mercialization potential and high added value.

Furthermore, the Horizon Europe Strategic Plan (2025—
2027) is directly related to Cluster 6 (Food, Bioeconomy,
Natural Resources, Agriculture and Environment), espe-
cially regarding the micropropagation of economically sig-
nificant European fruits. Through grant applications under

Cluster 6, grant topics such as the development of in vitro
techniques for scaling up production, the effective use of
digital technologies to increase production efficiency are in
line with Horizon Europe’s objective of transition to sus-
tainable agricultural systems and such grants offer unique
opportunities for those with financial constraints (European
Commission 2024). Although it is essential to emphasize
the important role played by European projects and govern-
ment funding in promoting research in the sector, the con-
tribution that micropropagation companies can and must
make remains fundamental, as they finance studies aimed at
solving the various problems of the micropropagation cycle
through direct collaborations with Institutes and Research
Centers. It would be desirable for the voice ‘R&D’ to be a
constant presence in the budget of each micropropagation
company, especially those of medium to large size.

Promoting networking—the case of ‘CopyTree - COST
action 21157’

Facing the challenges mentioned above and effectively
resolving them requires multidisciplinary cooperation,
which can only be achieved by creating effective interna-
tional networks that implement a strategic approach to con-
tribute to the EU’s priorities.

Within this framework, the COST Action 21157 - Copy-
Tree (www.copytree.eu), launched in 2022, has clearly
defined its mission to take concrete steps towards achieving
its intended vision of providing sustainable, long-term solu-
tions. This would facilitate the identification of priorities,
current situation, and solutions or measures that should be
taken to achieve long-term sustainable benefits in the ser-
vice of the wider community and business. To address these
complex challenges, CopyTree has structured its activities
into five dedicated Working Groups (WGs), each focusing
on a specific aspect of the micropropagation process. These
include overcoming plant recalcitrance, improving conser-
vation of virus-free plants, advancing automation technolo-
gies, commercialization, and promoting communication
and technology transfer (Fig. 3). Through the synergy of
these WGs, CopyTree is establishing a coordinated group
of stakeholders that cooperate to facilitate the transfer of the
propagation process from the laboratory to the industry.

A significant initiative within this Action is the imple-
mentation of a collaborative experimental platform known
as the Ring Test, designed to evaluate the role of cytoki-
nin oxidase/dehydrogenase (CKX) inhibitors in enhancing
micropropagation of woody plants.

CopyTree members from European countries are con-
ducting collaborations with each other, particularly when
they share a focus on the same plant species, with the goal
of harmonizing protocols and methodologies. The Ring Test

@ Springer


http://www.copytree.eu

53 Page 14 of 20

Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 162:53

COPYTREE

COSTACTION 21157
Established in 2022

SUSTAINABLE
LONG-TERM SOLUTIONS

4 WG2:
Diagnosis,

sanitation and

conservation

WG1:
Recalcitrance
Outlining
knowledge in
epigenetics and

reviewing new Advances for

tools that might virus-free plant
break production and

their conservation

WG3:

Scaling up and
automation

Sharing the
latest
technology in
automated and
robotic systems

|

\ recalcitrance

e

_

WG4:
Technological risk assessment, public acceptance, legislation and
commercialization
Stimulating technology awareness and acceptance of stakeholders

WGS:

Communication, dissemination and technology transfer
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Fig. 3 Organization of COST Action 21157—CopyTree, highlight-
ing its working groups addressing key challenges in woody plant
propagation

includes the application of four recently synthesized CKX
inhibitor compounds, which belong to three chemically dif-
ferent groups:

I. Diphenylurea with ortho-hydroxyethyl group
e 1-(2-(2-Hydroxyethyl)phenyl)—3-(3-
(trifluoromethoxy)phenyl)urea (compound no. 19).
e 1-(3-Chloro-5-(trifluoromethoxy)phenyl)—3-(2-(2-
hydroxyethyl)phenyl)urea (compound no.20).
II. Halogenated diphenylureas

e 1-(3,5-Dichlorophenyl)—3-(3-(trifluoromethoxy)
phenyl)urea (compound no. 52).

III. Diphenylurea with ortho-amide group

° 2-(3-(3,5-Dichlorophenyl)ureido)—4-
methoxybenzamide (compound no. 77).

@ Springer

The compounds are currently provided for research pur-
poses by Dr. Nisler upon request. They are not yet commer-
cially available. The patent rights (patents EP4120837A1
and EP4121415A1) for their production, sale, and use are
held by Czech Advanced Technology and Research Institute
(Catrin) at Palacky University in Olomouc. The compounds
have attracted interest from agrochemical companies as
well as businesses involved in plant propagation. Licenses
for use in plant tissue culture are available through the pat-
ent holder. Commercial application of selected compounds
in agriculture is expected within 2—3 years.

During Ring Test, these compounds will be tested across
various woody species, such as bilberry, raspberry, chestnut,
grape, hazelnut, olive, and plum, in many cases using both
conventional and TIS micropropagation platforms.

Through coordinated collaboration, the Action aims not
only to standardize protocols but also to promote innova-
tion, reduce duplication of efforts, and accelerate the adop-
tion of advanced technologies across Europe. Beyond its
scientific objectives, the Ring Test as a coordinated platform
reinforces international collaboration and promotes knowl-
edge sharing, thereby helping to establish a network model
and engaging community members in woody plant cloning.

Future perspectives

The further expansion of commercial micropropagation in
Europe depends not only on technological advancements
and improved protocols in countries that already show
significant production in the sector, but also on the devel-
opment and implementation of similar initiatives in under-
represented and emerging countries.

Many countries in Northern Europe, including Denmark,
Sweden, Norway, and Finland, are lagging in effectively
implementing large-scale production systems for woody
horticultural plants compared to countries in the Medi-
terranean area, such as Italy, Spain, Tiirkiye, and Greece
(Table 1). One of the primary reasons is the absence or small
number of well-established commercial micropropagation
companies that relate to, for example, smaller horticultural
industries and high labour costs. Furthermore, recent RDI
efforts in these countries have primarily focused on for-
est trees, such as the commercial propagation of conifers
through somatic embryogenesis (SE). Recent developments
in tissue culture applications for the forestry sector could
provide novel business opportunities also for existing lab-
oratories specialized in horticultural woody plants. This,
however, would require the acquisition of SE techniques
and an increase in production capacities, as the number of
forest plants needed is much higher than for horticultural
markets.
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Fig. 4 Geographical focus areas for micropropagation companies in
Europe, highlighting the distinct sectors in Northern Europe (green),
which focuses on forest tree studies, Central Europe (blue) on orna-
mental species, and Southern Europe (red) on plant production of fruit
rootstocks and cultivars

Moreover, even across Eastern and Southeastern Europe,
countries such as Albania, Bosnia and Herzegovina, Mol-
dova, Latvia, Kosovo, and Montenegro have either very
low or no activities related to the commercial tissue culture
sector. Reasons might be associated with the lack of fund-
ing, inadequate public awareness, and limited partnerships
among academia, industry, and government, which are nec-
essary for establishing and maintaining the essential infra-
structure that ensures large-scale plant production (Sota et
al. 2025). A key barrier that can make it challenging to pro-
duce on a large scale in these countries is that many of them
are not EU countries. In this regard, it is necessary to align
all steps and procedures, such as production, conservation,
and germplasm transfer, with the EU guidelines.

An interesting case to study the dynamics of such invest-
ments and developments is the Western Balkan countries
(Albania, Bosnia and Herzegovina, Kosovo, Montenegro,
North Macedonia, and Serbia). Besides being character-
ized by a rich biodiversity, lower labour costs, and grow-
ing research capacity, most of them have not implemented
large-scale production systems. A perfect example of the
cost-effectiveness of production in such countries is the
Republic of North Macedonia, where the two largest com-
panies involved in commercial propagation are branches of
Dutch enterprises operating in the sector. Serbia shows great
potential in advancing in this regard, with four new emerg-
ing companies; however, they still rely on the local market
and face difficulties competing in the international market
(Sota et al. 2025).

Another strategy that may help underrepresented or
emerging countries advance in commercial propagation
is focusing on the propagation of regionally adapted plant

species rather than conventional horticultural crops. This
approach could help not only in producing high-quality
autochthonous plants but also in preserving biodiversity
and promoting agritourism. Additionally, diversifying plant
targets may help small commercial companies become
competitive first in a regional market and later in broader
international markets.

Concerning countries that already have significant fruit
plant production from micropropagation (such as Italy,
Spain, Tiirkiye and Germany), here efforts will have to
be increasingly concentrated on developing technological
innovation that can minimize production costs, through
automation and robotization interventions of the different
phases of the production cycle in the laboratory and the
greenhouse, and aimed at reducing the labour cost compo-
nent, currently at values still around 60% of the final price
of the micropropagated plant. In addition to implementing
new production systems (e.g., liquid culture in TIS) and
developing new plant growth regulators, efforts are being
directed toward enhancing production quality, meeting the
requirements for certified plant material, and addressing
the persistent recalcitrance observed in many economically
important fruit species.

Given this, Fig. 4 illustrates the varying focus areas for
micropropagation across Europe, highlighting the distinct
regions involved in large-scale plant propagation.

The green circle represents Northern Europe, where for-
est tree studies are most prevalent, particularly those related
to somatic embryogenesis in conifer species. The blue circle
signifies Central Europe, with an emphasis on ornamental
crops, while the red circle represents Southern Europe,
where the production of fruit plants is most prevalent. This
geographical differentiation in focus areas reflects the vary-
ing economic conditions, research priorities, and market
demands across the continent. The further expansion of
commercial micropropagation in Europe will necessitate
addressing regional imbalances, with emerging countries
requiring strategic investments to develop their micropropa-
gation sectors in line with EU standards and guidelines.

In this strategic vision for the future of the sector, net-
works such as the COST Action 21157—CopyTree are key
platforms for knowledge exchange, protocol standardiza-
tion, and joint experimentation. These outcomes are consis-
tent with the mission and vision of EU initiatives to integrate
and encourage the active participation of underrepresented
countries, thereby establishing a more inclusive, resilient,
and innovative micropropagation sector across Europe.
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