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ABSTRACT

Spain is the world’s leading exporter of fresh stone fruits belonging to the genus Prunus. This position has been favored
by Spain’s climate, which enables earlier production than in the rest of Europe, as well as and commercial use of high-
quality, certified, virus-resistant new cultivars adapted to climate change the almond, apricot and plum by the development
national in the different national breeding programs and particularly conducted at CEBAS-CSIC in Murcia in the case of
almond, apricot and plum. In the context of the new climate, this communication aims to address the latest approaches
being carried out by the CEBAS-CSIC of Murcia in the development of new Prunus varieties in the postgenomic scenario
(once the complete sequence of the genomes of the main species is known). Furthermore, massive genome (Genotype by
Sequencing, GBS) and transcriptome (RNA-Seq) sequencing is helping to better understand the biological and molecular
processes associated with the expression of these traits of agronomic interest. Once these genes are identified, we can use
this information to select seedlings that have these characteristics using classical Polymerase Chain Reaction (PCR) or
quantitative Retrotranscribed PCR (qRT-PCR) with a potential application in marker-assisted selection. More recently,
a new line of research has been initiated aimed at identifying epigenetic marks associated with characters, especially
adaptation to the environment, such as flowering time. Epigenetics studies change in phenotype that are inherited, but
are not due to alterations in the DNA sequence. This DNA methylation mechanism has been described as a regulator of

dormancy breaking in fruit trees or fruit ripening.

Keywords: Stone fruits, Prunus, Breeding, Genetics, Genomics, Transcriptomics, Epigenetics

Introduction

Prunus production around the world was around 50
million tons being the peach the most important species,
with an annual production of more than 27 Mt in 2023
(http://faostat.fao.org, updated June 2 2026). In Spain,
Prunus production was of 2 Mt ranking this country in
the second position behind China, and closely followed
by Tiirkiye and Italy (Figure 1). In addition, Spain is the
first exporter of peaches in the world, with more than
50% of the exported production (0.8 Mt) and an added
value of this exportation of more than 900 million euros
(M€) (www.fepex.es, Asociaciones de Productores
Exportadores de Frutas, Hortalizas, Flores y Plantas
vivas, FEPEX, updated June 2 2026). This leadership
in the production and export of fruits has been marked
by the climate compared to the rest of Europe, which
allows early production, in addition to the development

and exploitation of new quality, certified, virus-resistant
and adapted varieties to the climate change obtained
in the different national breeding programs.

Stone fruit (Prunus) breeding is an applied science
of design where constantly new designs are performed
to solve specific problems, such as productivity,
resistance to biotic and abiotic stresses, fruit quality,
postharvest performance and sensorial attributes
(Martinez-Gomez et al., 2003). At this moment, the
treating of breeding as science of design supposes to
consider this activity closer to software development
or the pharmaceutical industry than biology. The
requirement of these new designs demands each time
more complicated mechanisms to choose parental for
crossing and select the new descendants (Martinez-
Gomez, 2017). In addition, genetic transformation to
develop Genetically Modified Organisms (GMOs),

(§) This study was presented as an oral presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkiye, on December 1-5, 2025.
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including CRISPR (clustered regularly interspaced
short palindromic repeats) application, is at this moment
a far option from a consumer point of view (Martinez-
Gomez, 2021; Martin-Valsaneda et al., 2023).

In this review, we have analyzed the new
perspectives on fruit breeding in the context of climate
change adaptation to ensure production and quality
approaches being carried out by the CEBAS-CSIC of
Murcia in Spain.

Development of new Prunus varieties

Plant breeding is thus a scientific discipline that
contributes to the knowledge necessary to use a certain
technology, which in turn applies that knowledge to
produce new plant varieties and plant patents. Classical
fruit breeding is a long and tedious process involving
the generation of large populations through controlled
crosses of previously selected progenitors and the final
selection of top individuals, the future new varieties.
This process can take between 5 years in the case of
horticultural crops to 15 years in the case of perennial
fruit crops (Figure 2) such as Prunus or 25 years in
forest species (Martinez-Gomez et al., 2003).

Plant breeding differs from basic sciences in that
it seeks not only to understand biological systems but
also to modify them to achieve defined objectives. It
therefore combines elements of natural science and
design science, drawing on observation and experience to
develop cultivars that as practical solve problems. When
successful, this process transforms scientific knowledge
into technological innovation through the breeding of
new plant cultivars (Martinez-Gomez, 2020).

In addition, to develop suitable new cultivars, we
need to know the relevant variables that influence our
knowledge of the possible future in the success of new
cultivars. It is thus necessary to examine the internal
and external variables influencing the phenomenon in
question. Both types of variables must be subjected
to scientific evaluation. The first internal variables to
consider in any almond breeding program are derived
from plant traits that are considered as objectives.
The knowledge of these internal variables of genetic
type will indicate their suitability with respect to the
proposed design objectives. Secondly, internal variables
also include the current methodologies available for use
in the selection of individuals. These methodologies
are closely related to the level of knowledge available
at the molecular levels especially in relation to the
development and application of new markers for
the selection of individuals and will give us an idea
of the efficacy and feasibility of new designs or
cultivars. Finally, we can include various economic
factors within the production framework, i.e., the
goals, processes and outcomes. The effectiveness and
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viability of the improvement program will depend
on these methodological developments dedicated to
the evaluation. These two terms (effectiveness and
viability) are related in the economic context to the
relationship between science and economics. To
develop successful cultivars, breeders must identify
the internal and external variables that influence the
likelihood of achieving the breeding objectives. Internal
variables include the genetic traits targeted by the
programme and the methods available for selecting
parents and progeny (Martinez-Gomez, 2017; 2020).

On the other hand, in plant breeding, it is necessary
to consider a number of external variables including
biotic and abiotic stress and interactions with the
environment over a period of several years. There
are many characteristics such as flowering time and
floral compatibility which must be evaluated for at
least three years, when trees produce the first flowers.
Due to drawbacks, the use of molecular marker-
assisted selection methods is of particular interest in
breeding programs. These drawbacks make the use of
methods of assisted selection by molecular markers
already discussed. These environmental conditions will
determine the feasibility of the objectives and the new
variety in a given environment. The adaptation of new
designs or new cultivars to specific climatic conditions
is fundamentally conditioned by the winter chilling
requirements and dormancy and by their adaptation to
different soil conditions in the case of rootstocks. Its
capacity for production depends largely on this character
and on its interaction with the environment considered as
an external variable. In addition, the knowledge of these
external variables related to possible biotic stresses (pest
and disease) will indicate their feasibility with respect
to the proposed design objectives (Martinez-Gomez,
2017). The feasibility of developments is another
important issue to consider. The technological feasibility
will also depend on the existence of germplasm with
the desired genes for resistance to different biotic or
abiotic stresses (Figure 3).

Finally satisfying consumer demands is also an
important external variable. New designs must have
the appropriate characteristics to meet such demands.
In addition, the availability of different techniques for
analysis and selection is another important external
variable. In addition, the social acceptance of these
new cultivars will depend on criteria of environmental
sustainability (Infante et al., 2008). On the other hand,
we can include various factors of an economic nature,
provided that they are considered within the framework
of production: the phase of objectives, processes and
results. This affects external economic variables, which
are those that affect their market value. Because the

www.bisab.org.tr



result of a new genetic variety presents durability (a life
cycle) and involves a market price, which conditions
the creative transformation carried out by technological
innovation (Garcia-Gomez et al., 2021).

The degree of knowledge of the variables
determines the quality of the prediction in the design
and development of new cultivars of Prunus in addition
to its effectiveness, feasibility and suitability. New
designs must meet the appropriate characteristics to
meet those requirements. External variables are also
the availability of the different analysis and selection
contemporary techniques, since they have varied
throughout history.

Application of molecular markers in the
development and management of new Prunus
varieties

The management, phenotyping and selection
process of progenitors and seedlings are the main
factors limiting the generation of new cultivars. In
order to improve efficiency and viability of breeding
programs in relation to parent and seedling selection,
the implementation of molecular tools is an essential
requirement, including development of new Marker
Assisted Selection (MAS) strategies based on the
molecular knowledge of the determination of the
phenotypic traits. Molecular effort should be oriented
in the analysis of the molecular basis of the target
traits and the implementation of molecular tools to
be incorporated together with the classical activity of
the visual selection of good descendants (Martinez-
Gomez et al., 2003). In this context, at this moment
in the present Postgenomic era we are facing a new
molecular-biological perspective based on new
methodologies that are affecting the molecular
analysis. This new molecular perspective opens
new possibilities to improve the use of molecular
tools in new more efficient and viable plant breeding
(Martinez-Gomez, 2019).

At this moment, more than 650 plant species
have been sequenced and their reference genomes
are available including the most important crops in
the world (https://www.ncbi.nlm.nih.gov/genome,
accessed 1% July 2025). This whole sequenced work
started in 2002 with the development of the reference
genome of the rice. Last years for instance, several
important crops were sequenced including hazelnut,
mulberry, pistachio, poplar or almond in 2019. The
development of complete genomes is making any
organism accessible and amenable for many kinds
of studies which will allow a precise reference of
the molecular results obtained, and the development
of high-throughput methods for genomic analysis
involving the most abundant genetic variation (Single

Nucleotide Polymorphisms, SNPs) and transcriptomic
analysis at Differential Gene Expression (DEG) level
in a new postgenomic perspective. At this moment, the
new Big Data Biology harboring the development of
DNA (and RNA as cDNA) high-throughput sequencing
technologies together with bioinformatics analysis as
well as the creation of databases with billions of data
has made possible to access genetics knowledge at
the level of each nucleotide. This new methodological
perspective where millions of sequences are available
in one single experiment with the detailed information
of complete genomes (defined as the DNA organized
into separate chromosomes inside the nucleus of a cell)
and transcriptomes (described as the complete list of
all types of RNA molecules). Several authors have
even characterized this data-intensive biology as a new
kind of science, a science of information management,
different from traditional biology. Big data science is
now being introduced in the development of molecular
markers to assist breeding selection methodologies
(Martinez-Goémez, 2019).

On the other hand, these molecular tools are
also particularly useful when the evaluation of the
complex traits such as biotic and abiotic stress and fruit
quality including nutraceutical values. These complex
traits are being recently introduced in the stone fruit
breeding programs. Nutraceutical properties will add
an important value to the new releases for industrial
purposes. In these species nutraceutical value studies
are focused on fiber contents; phenolic contents;
carotenoid (correlated with vitamin A) and vitamin
C and E contents; and mineral contents including
magnesium, potassium, selenium and zinc (Garcia-
Gomez et al., 2021).

This new postgenomic perspective integrating
available reference genomes and new sequencing
and bioinformatic methodologies will allow the
implementation of new Marker Assisted Selection
(MAS) to accelerate breeding process. The application
of these molecular tools will increase the viability
and efficiency in the development of the new planned
design. In this context, high-throughput sequencing
technologies resulted in a great advance in the
development and application of MAS strategies.
Additionally, from a global point of view, the new post-
genomics era is characterized by a change in perspective
on trait expression derived from the Encyclopedia of
DNA Elements (ENCODE) project, performed on
humans, in which the study of RNA rather than DNA
was determined as the linchpin of trait expression
processes (Martinez-Gomez 2019). In fact, the genomes
of eukaryotic organisms are almost entirely transcribed,
giving birth to an enormous number of non-protein-
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coding RNAs. In this new context, a recent concept,
pervasive (interleaved) transcription, is being applied
to the whole transcription process. These authors
described pervasive transcription as the transcription
of the interspersed genes that are embedded within the
normal coding genes. The entire stretch of the genome
(in other times called “junk DNA”) is transcribed,
whether it is coding for a particular protein or not.
Therefore, not all coding sequences lie juxtaposed, and
they may also overlap one another (Martinez-Gomez
etal., 2012).

New integrated classical and molecular

perspective in Prunus breeding

Plant productivity for feeding an increasing human
population and the study of plant pest and diseases and
their management in unpredictable context of global
climatic changes related to different abiotic stress are
particularly relevant aspects as well as genetic plant
breeding from the point of view of the quality of fruits
and vegetables. Therefore, classical breeding must be
combined with MAS using the diverse molecular tools
available in the postgenomic era in each time more
complicated scenario.

The generation of large genetic and phenotypic
information obtained in a massive way (through
high-throughput sequencing and high throughput
phenotyping approaches) and the creation of
databases with billions of these data, result in what
is called in research “Big Data”, which also require
the development of new mathematical algorithms
(such as machine learning models) and a large set
of bioinformatic tools. In addition, from a global
perspective, the center of gravity of the molecular
processes is focused on the expression of genes and
the way in which such expression is regulated. These
features have turned researcher’s attention towards the
study of gene regulatory networks, and in particular
to the role of RNA and other non-derived DNA
biomolecules (Martinez-Gémez, 2022). These new
approaches will be of great help in the new challenges
of the plant breeding.

This situation does not mean that MAS will
replace conventional breeding; other ways is a
necessary complement. The practical learning that
conventional breeding gives is unparalleled with
the molecular support. In this context, there has
been a significant shift of conventional breeders to
molecular breeding aspects. However, in this enjoyed
strategy (conventional and molecular) the target
must be well defined in a complete integrated work
plan. While the ability of breeders to generate large
new breeding populations is almost unlimited, the
evaluation and selection of these promising seedlings

whisab

is the main limiting factors due to the cost and time-
consuming. In this context, genomic studies at DNA
level are especially useful for the development of
MAS strategies. In addition, proteomic (proteins and
enzymes), transcriptomic (RNA) and epigenetic (DNA
Methylation and histone modifications) studies are
being applied to breeding programs. Finally, these
strategies at genomic, epigenetic, transcriptomic and
proteomic level should be all integrated for a better
understanding of the molecular mechanisms involved
in the most important plant breeding aspects, which
will facilitate the development and optimization of
molecular markers to apply in the field exploitation
of the new varieties, offering and integrating complete
technological offers increasing feasibility, effectiveness
and success of the breeding programs (Figure 4).

In this new context DNA and RNA markers and
epigenetic marks could be applied in the development
(breeding) and exploitation (cultivation) of the newly
developed Prunus varieties in Marker Assisted Selection
(MAYS), biological validation of DNA markers and
monitoring flowering and ripening process (Figure 4).
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Figure 1. Botany of main cultivated Prunus species (A). Origin and dispersion of Prunus species through the
silk road (B). Main Prunus production countries in the world (C).
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Figure 2. Representation of the most important steps in a Prunus breeding program.
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ABSTRACT

This article summarizes the advantages of hybrid diploid breeding of potato, with true potato seed as major propagule.
Hybrid diploid breeding accelerates breeding of potato, allowing pyramiding resistance genes and introducing novel genes
for maximum quality. The challenge is to compensate for the lack of positive effects of polyploidy by rapid progress in
breeding and heterosis. Moreover, the use of true potato seed from such a breeding program makes it possible to produce
large numbers of healthy seeds in a very short time that are very small, easy to store and easy to transport to remote areas.
If successfully implemented, the use of such a new technology will revolutionize the breeding, seed systems, and seed
and ware production systems of potato. Making maximum use of this technology requires identifying the best seed system
model for different agro-ecological and socio-economic conditions and optimizing the production systems of seed tubers

and ware potatoes based on the seed value chain selected and implemented.

Keywords: Diploid potato, hybrid breeding, seedling tuber, seed systems, transplant, true potato seed

Introduction

Potato (Solanum tuberosum L.) is commonly
grown as an early crop, an intermediate short-
cycle crop between two main crops, or as a main
crop in many different cropping systems. It is also
often grown as a temporary component crop in
intercropping systems with perennial crops that have
a long establishment phase, such as sugar cane or
in intercropping systems in which the companion
crop can provide some shelter (e.g., maize-potato
intercropping in warm regions). In many parts of
the world, it is a hunger-breaking crop because there
are cultivars available with a very short crop cycle.
Potato is very efficient in terms of resource use (land,
water) and has a very high harvest index. Despite
the international trade of ware and seed tubers, the
potato crop is still very much a ‘local for local’ crop,
because of the bulkiness of the seed tubers and the
ware potatoes and because of the limited storability
(Haverkort and Struik, 2015). As a crop for food

security and income, the crop is developing rapidly,
especially in Africa and Asia.

Despite its flexibility, potato also has some
disadvantages. The most important ones are already
mentioned: both the seed tubers and the ware
potatoes are bulky and perishable. Moreover, the rate
of multiplication is very low, making it necessary to
use a large proportion of the area cropped with potato
for seed production or save a large part of the harvest
for seed. The crop is also affected by a plethora
of pests and diseases, which are either air-borne
(e.g., late blight), water-borne (e.g., bacterial wilt),
vector-borne (e.g., viruses), or soil-borne (e.g., cyst
nematodes), while many of these pests and diseases
are (also) seed-tuber-borne, i.e., can be transmitted
from one generation to the next when the crop is
multiplied vegetatively, a phenomenon often called
“seed degeneration”. This seed degeneration puts a
lot of challenges on the production of high-quality
seed and the institutionalization of a functional seed
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system. Several pests and diseases have quarantine
status with zero tolerance, while others may result in
declassification of the seed when tolerance levels are
surpassed. The potato crop is also sensitive to abiotic
stresses, including drought, excessive rainfall, heat,
cold, salinity, contaminants, such as heavy metals
and microplastics, and nutrient deficiencies. Finally,
there are also physiological quality aspects for both
seed tubers and ware potatoes that are very much
influenced by environmental factors. The seed
tubers may remain dormant for too long or may
sprout too early, depending on conditions during
production and storage conditions, while they might
be ageing, losing vigour, when the temperature sum
during storage gets too high; these aspects are very
important in potato production regions with more
than one growing season per calendar year (Struik
and Wiersema, 1999). The potato crop may also
show a wide diversity of physiological disorders of
ware potatoes, such as secondary growth, knobby
tubers, growth cracks, translucent ends, and hollow
hearts.

This paper first deals with recent developments
in global potato cultivation, seed systems, and
quality of seed tubers. It then describes in detail the
various aspects of breeding and seed production of
potato, using hybrid diploid breeding and true potato
seed production as a set of alternative technologies
to create robust varieties with strong resistances
against abiotic and biotic stresses and the best
possible quality for a wide diversity of consumers
as well as healthy types of propagules that can be
used in adapted seed and ware production systems. |
also highlight the potential use of true potato seed in
Sub-Saharan Africa.

The paper is based on the hope that the new
developments of hybrid diploid breeding and use
of hybrid TPS will benefit global potato cultivation,
especially in countries in which traditional seed
production and ware production are challenging.

Global potato cultivation

The potato crop is widely cultivated because of its
wide adaptability, high resource use efficiency, and high
nutritional quality, amongst other factors. It is grown in
more than 100 countries, processed into many different
products (e.g., in Dutch supermarkets well over 150
products based on potato are on display; Haverkort et
al., 2023), regularly consumed by more than 1 billion
people, while there are strong international markets for
seed potatoes, ware potatoes, and processed potatoes.
Mordor Intelligence (2026) estimated that the value
of the international potato market equalled USD 210
billion in 2025. The same source estimated that this

value would grow from USD 124.46 billion in 2026
to USD 149.38 billion in 2031. This continued growth
is remarkable given the increasing frequencies of
weather shocks (heat, drought), increasing regulatory
pressure (e.g., restrictions on the use of biocides), and
strong price volatility. The causes of continued growth
include rising demand for frozen products (such as
frozen French fries) and the strong expansion of quick-
service restaurants. In addition, farmers across the
globe manage to adopt climate-smart cultural practices
to cope with adverse weather conditions.

One of the most remarkable changes in potato
cultivation over the last 75 years is the shift in
production from the so-called developed countries
to the so-called developing countries (Haverkort and
Struik, 2015). In the last 20 years, more potatoes
are being produced in developing countries than
in developed countries. This trend is caused by an
increase in acreage, with China and India currently
having the largest areas cropped with potato, and
an increase in productivity (i.e., yield per hectare).
In Africa, there is also a substantial increase in
production, but that is mainly caused by an increase
in acreage, whereas in some countries, the potato
yield per hectare is declining (e.g., in Kenya; Atieno
et al.,, 2023; 2026). Major reasons for the yield
decline are expansion to marginal areas because of
land shortage, increase in cultivation by resource-
poor farmers, and increased seed degeneration,
because of limited seed renewal by smallholder
farmers.

Informal versus formal seed systems

Although the potato plant is very versatile in its
propagation and multiplication (Struik and Wiersema,
1999), the common method of propagation is through
seed tubers. The rate of multiplication is very low,
compared with other important food crops, such as
cereals. Therefore, a large proportion of the world’s
potato acreage is devoted to seed production. Properly
functioning seed tuber production systems are crucial
to supply ware growers with high-quality seed tubers
in a reliable way and against affordable prices.

A seed system can be defined as “all activities of
various stakeholders related to breeding and selection
of varieties and the development, maintenance,
bulking, storage, management, exchange, distribution
and dissemination, and use of seed” (Struik, 2023).
The main purpose of a seed system is to provide
affordable, high-quality seeds of all various varieties
of all relevant crops at the right time. A seed system
entails breeders, seed multipliers, and farmers, but
also the informal and formal governance structures
testing and controlling the quality of the seed.
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Inmostcountries, seed potato productionisstrictly
regulated through certification schemes to prevent, or
at least limit, transgenerational propagation of pests
and diseases and guarantee true-to-type material
of the right cultivar in this vegetatively propagated
crop. Viroids, viruses, phytoplasmas, bacteria, fungi,
nematodes, and insects can easily be transmitted from
mother plants to progeny tubers or from the soil to
the tubers. In formal seed systems, strict regulations
for quarantine pests and diseases and strict tolerance
levels for other pests and pathogens apply to guarantee
that farmers can produce a good ware crop from
healthy seed. Quality is maintained by testing fields,
seed-tuber crops, and seed-tuber lots, and phasing out
progeny after a number of field multiplications.

However, in many countries, for example in Asia,
South America, and Sub-Saharan Africa, at least 90%
of the seed tubers come from informal seed systems
(Thomas-Sharma et al., 2016). Informal seed systems
of potato have significant advantages. They provide
local seed of preferred varieties when required and
at relatively low cost. However, the phytosanitary
quality is often sub-standard, especially in regions
with little seed renewal and large pressure of air-
borne (e.g., Phytophthora infestans) or water-borne
(e.g., Ralstonia solanacearum) pathogens, vectors
such as aphids, or endemic soil-borne pathogens,
such as Streptomyces scabies.

Quality of seed tubers

Seed quality includes genetic quality (no off-
types), physical quality (no damage, right size),
physiological quality (desired level of vigour and
number of sprouts), and phytosanitary quality
(absence of seed-borne pests and pathogens). The
latter quality characteristic is especially important
for potato as seed health is very difficult to control.

How farmers perceive the quality of the seed
in the case of potato has been investigated for many
different socio-ecological environments (e.g., for
Kenya, see Atieno et al., 2023; Kwambai et al., 2024;
for Ecuador, see Navarrete et al., 2022a, b, 2023),
and possible routes to alternative, sustainable seed
systems bridging informal and formal systems have
been described by Thomas-Sharma et al. (2016).
Such seed systems aim to control seed degeneration.
Seed degeneration is commonly defined as “the
reduction in seed quality (and therefore the ultimate
crop yield) due to pathogens and pests accumulating
over successive cycles of propagation” (Struik,
2023). In some definitions, physiological ageing
of the seed is also included in seed degeneration
(Struik and Wiersema, 1999; Zou et al., 2024, 2025).

Seed degeneration of potato is common in areas

whisab

where governance of seed quality is less strict. It is
especially problematic in informal seed systems,
although in such systems some level of tolerance
to seed-borne pests and diseases in the commonly
used varieties has been demonstrated. Simple
techniques, performed by smallholder farmers,
such as positive selection (Gildemacher et al., 2011;
Schulte-Geldermann et al., 2012; Priegnitz et al.,
2019, 2020), can slow down seed degeneration
significantly. In extreme cases, these techniques
might even reverse degeneration as some tubers
of a secondarily infected plant do not contain a
significant viral load (Bertschinger et al., 2017).

Physiological age of seed is especially
problematic in regions with more than one growing
season per calendar year. In such cases the seed
can be either too young or too old for optimal
performance. Lack of control of conditions during
storage makes it difficult to manage physiological
age and therefore seed vigour.

Breeding: from traditional breeding of

tetrasomic cultivars to hybrid diploid breeding

Traditional breeding of potato is difficult. The
tetrasomic inheritance and the associated complex
genetics and huge linkage drag in traditional potato
breeding systems make it very difficult to introduce
desirable traits, such as resistance genes or quality
traits. Introducing one gene through marker-assisted
backcrossing takes 10 - 20 years, introducing two
genes can easily take more than 25 years (Lindhout
and Struik, 2023). The subsequent multiplication
of seed tubers to commercialize the cultivar then
takes another 5 - 10 years with traditional seed tuber
multiplication.

In addition, there are many different traits to
take into account (up to 50) as the crop is affected by
many different abiotic and biotic stress factors, is very
sensitive to genotype-by-environment interactions,
and has many quality characteristics to be taken into
account for the diverse outlets. Moreover, potato
tubers need to be easy to store and process. Even
when a new variety has been selected as promising,
there is the problem of low multiplication rates:
it takes many years to bulk up seed tuber lots to
quantities that will allow wide testing in the field for
performance under diverse practical conditions and
subsequent commercialization.

Hybrid breeding is an advanced breeding
system that might solve some of the problems
with traditional potato breeding. Hybrid breeding
involves generating inbred lines through repeated
selfings over many generations followed by
crossing inbred lines to generate hybrids. The inbred
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lines make it possible for breeders to better control
genetics and better predict the outcomes of their
crossings based on marker-assisted techniques; this
results in a much more efficient breeding process.
Hybrid breeding is common in many important food
crops, also because it serves the business model of
the breeding companies well (ter Steeg et al., 2022).

Hybrid breeding in tetraploid potato is difficult
because of the tetraploid nature of commercial
potato cultivars and because inbreeding depression
hampers the development of pure inbred lines,
despite the fact that often tetraploid cultivars are
(partially) self-compatible. While tetraploid potato
cultivars are traditionally vegetatively propagated
via seed tubers, the preferred method of propagation
in hybrid potato is through true potato seed. This
makes it necessary to develop specific seed systems
and cultivation pathways for seed and ware. The
multiplication rate is strongly increased resulting in
fewer years between making a cross and producing
enough seed for commercial use of a new variety.

The limitations of the complicated tetraploid
breeding system mentioned above have been
overcome by hybrid diploid breeding. Several
universities and commercial companies in different
countries, including the Netherlands, China, and the
United States of America have started hybrid diploid
breeding programs (Lindhout et al., 2011, 2018;
Jansky etal., 2016; Zhang etal.,2021). This was only
possible after the problem of self-incompatibility
during self-pollination, common in diploid potato,
was solved by the introduction of the SI/i gene.
This S/i locus allows the pollen tube to reach the
ovary without the pollen tube growth being arrested
in the style before reaching the ovary (de Vries et
al., 2023). For an overview of the recent advances
in the insights into the molecular mechanisms and
genetic basis of potato self-incompatibility and key
technologies to overcome this self-incompatibility,
see Sood et al. (2024), Zhang et al. (2019, 2025) and
Wang et al. (2026). Sood et al. (2024) also provided
an overview of the achievements in diploid potato
breeding, including advancements in genomic
purging and phenotyping strategies.

Producing diploid inbreds of potato is
associated with strong inbreeding depression,
creating relatively weak inbred lines. Heterosis
effects when crossing inbred lines are not as strong
as hoped for. Nevertheless, the flexibility of the
hybrid breeding system (ter Steeg et al., 2022) and
the opportunities for marker-assisted breeding are
very promising, especially in breeding for resistance
and novel quality traits. Introducing one gene

through marker-assisted backcrossing takes 10 - 20
years in conventional breeding but only takes 2 - 3
years with hybrid diploid breeding. Introducing 2
genes through marker-assisted backcrossing can
easily take more than 25 years in traditional potato
breeding but merely 3 - 4 years in hybrid diploid
breeding. Producing enough true potato seed for
commercialization only takes one season. Moreover,
the resulting seed lots are much less likely to be
contaminated with seed-borne pathogens and are
easier to store and transport than conventional seed
tuber lots. How the comparison between a tetrasomic
breeding system with polyploidy benefits versus
ease of breeding and heterosis benefits of hybrid
diploid breeding finally works out is still a matter
of debate, certainly if one considers the disruption
of the entire seed and cultivation system associated
with the use of hybrid diploid true potato seed.

A possible diploid hybrid potato breeding
strategy is illustrated in Figure 1, based on Eggers
(2025). Details on producing advanced inbred lines
of diploid potato while coping with inbreeding
depression and eliminating deleterious alleles,
the use of genetic markers, genomic selection,
and genomic prediction, implications of genotype
X environment X management interactions, trait
introgression, and the optimization of hybrid vigour
are provided in the following sections.

Diploid hybrid breeding: from gene pool

to advanced inbred lines

As in any breeding program, diploid potato
breeding starts with the creation of a pool of
crossable genetic resources that contains a wide set
of useful genes, including genes that contribute to
high yielding ability and quality, pest and disease
resistance, resistance against abiotic stresses, and
a wide diversity of other traits that are desirable in
potato. With this germplasm, inbred lines are created
making use of the S/i gene. An alternative could be
to create knockout mutations in the incompatibility
locus (Bradshaw, 2022). These inbred lines need to
be fertile to enable their use in crossings, either as
male or female plant, must have adequate vigour to
produce adequate amounts of gametes, and must be
homozygous (de Vries et al., 2023). Although the
self-incompatibility issue has been solved, fertility
might still be an issue, as it is associated with the
vigour of the inbred lines. Moreover, homozygosity
does not come easy due to the large heterozygosity:
it requires a long, multi-annual process to achieve
complete homozygosity (Bradshaw, 2022; de Vries
et al., 2023), required to obtain a maximum level of
uniformity in hybrids.
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Strategies for reducing inbreeding depression,
genomic selection, genomic design, and
genomic prediction

Hybrid breeding also suffers from the presence
of many deleterious alleles that are often hidden in
tetraploid genotypes but become very harmful in
homozygous diploids. Inbreeding depression is a
major bottleneck in diploid potato breeding. Zhang
et al. (2019) mapped the genome-wide incidence
of constrained, deleterious mutations, obtained
344,831 predicted deleterious substitutions, and
examined their phenotypic effects. They found that
some deleterious recessive mutations indeed cause
very large effects on vigour. They also demonstrated
that lines that seemed to have high initial mutation
burdens appeared to yield better elite inbred lines,
a finding that is paradoxical. They also observed
that most deleterious mutations were line specific.
This suggests that a high degree of heterosis is
possible when crossing inbred lines of different
lineages. Zhang et al. (2021) used genome design to
develop pure, fertile inbred lines by systematically
purging the harmful mutations, selecting for genome
complementarity, thus leveraging heterosis. They
showed that using genetic design made purging of
deleterious alleles through recombination not that
difficult. They finally developed vigorous F1 hybrid
seeds. In yet another study, Zhang et al. (2025)
unravelled the regulatory mechanism underlying
the male gamete-specific expression of the S/i gene,
which could support diploid hybrid breeding.

It is clear from the above that in order to cope
with very negative inbreeding effects, pedigree-
based selection for fertility and vigour has to be
conducted before selection for other performance
traits, like yielding ability, can start. The common
strategy in diploid breeding is therefore to start with
selection processes to reduce inbreeding depression,
thus creating a pool of fertile and vigorous inbred
lines. This step is followed by recurrent selection
to recombine favourable alleles to contribute to
positive complex traits. For the identification and
deletion of deleterious alleles (so-called marker-
assisted purging; see Bradshaw, 2022) and finding
QTLs for desired complex traits that contribute to
the yielding ability, molecular marker techniques
and genetic design approaches come in very useful.
Marker technology can also be very useful for trait
introgression, for example for pyramiding late-
blight resistance genes.

Once inbred lines have been produced, creating
genetic maps of useful traits and developing
molecular markers can be conducted using common
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techniques that allow marker-assisted selection.
However, as indicated by various research teams, the
development of diploid breeding varieties involves
recent, shallow pedigrees with only a few founders.
Detection of QTLs of complex traits in diploid
potato therefore requires alternative methods as,
for example, proposed by Korontzis et al. (2020).
These authors identified QTLs through a Genome
Wide Association Study model, a tailored linkage
approach, and by modelling multiallelic QTLs
in complex pedigrees using identity-by-descent
probabilities. They showed that all three approaches
allowed them to detect QTLs, but they preferred the
last approach as it gave a more direct and detailed
interpretation.

Genotype X Environment x Management

interactions

The genotype X environment X management
interactions in potato are very strong, because growth
and development of the potato crop are very sensitive
to environmental conditions throughout its crop cycle
with strong feedback and feedforward effects. These
strong interactions reduce selection progress and make
achieving consistent and rapid genetic improvement
more difficult. Stockem et al. (2020) compared
widely grown tetraploid cultivars with hybrid diploid
genotypes under contrasting environmental conditions
and crop management regimes. They found that the
genotype X environment X management interactions
were similar for both types of material, Moreover, they
made a yield component analysis to assess what yield
components contributed most to variation in yield
across environments and crop management. Yield gain
was strongest related to an increase in number of tubers
per stem in both types of material.

Seed technology: towards novel diploid hybrid

propagules

Figure 1 already showed that it is not just the
creation of new cultivars but also the optimization of
cultivation pathways for the production of true seed
or seed tubers and the production of ware potatoes
that require a lot of research and attention and new
skills of practitioners.

Seed production systems are complex agronomic,
social, and regulatory systems. This is certainly true
for the complex seed potato systems (Struik and
Wiersema, 1999). Potato is very versatile in methods
of multiplication. Despite the intrinsic conservatism
of the potato sector, tremendous changes have
occurred over the past 50 years in terms of different
multiplication technologies that have been developed,
both in developing and developed countries. An
overview of these developments is presented in
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Figure 2. These techniques differ in the duration of
each separate cycle of multiplication and in number of
daughter propagules produced per mother propagule.

The last development is hybrid diploid potato
breeding with potentially different end products.
These might entail true potato seed (TPS), seedlings
for transplanting (transplants), seedling tubers (i.e.,
progeny tubers of TPS-grown plants), and seed tubers
(i.e., progeny tubers of crops grown from seedling
tubers or their progeny).

Every seed system aims to multiply as fast as
possible (either in terms of number of propagules,
or in terms of weight, or a combination of the two),
multiply as cheap as possible, keep the material free
of diseases during multiplication, and produce material
that is suitable for the next multiplication cycle or
use in commercial ware production in terms of size,
vigour, and physiological, genetic and phytosanitary
quality. However, the traditional system of seed tuber
production is notoriously slow in bulking up seed.
About 10 - 15% of'the total acreage of potato worldwide
is used for seed (Struik and Wiersema, 1999). This is
a much higher proportion than for most other crops,
especially cereals, such as maize and barley.

Using hybrid true potato seed (HTPS) varieties
has the following five advantages:

1- The multiplication system is very fast: one plant
can easily produce 10,000 uniform seeds instead
of 10 seed tubers.

2- The seeds of HTPS varieties are very light: one
hectare requires 25 g of true seed instead of 2,000
kg of seed tubers.

3- The seed is free of almost all seed-borne
pathogens (tuber spindle tuber viroid being one
of the very few exceptions).

4- The seed can be easily stored for many years
in simple, dry containers, whereas seed tubers
require special facilities (diffuse light store, cold
store) and can even then only be stored for 6 - 8
months at most.

5- Breeding is much faster, making it possible to
incorporate resistance genes, pyramid different
resistance genes in one variety and breed for yield
and quality traits in years rather than in decades
(see also the earlier section on breeding).

These advantages are especially important in
remote areas with poor infrastructure and failing
governance of seed systems, such as Eastern Africa.
I therefore refer for further reading to den Braber et
al. (2023) and the website of the Sepia Foundation
(https://sepiapotato.nl/), but will also elaborate on
using hybrid true potato seed in Sub-Saharan Africa
in a separate section further below.

Physiology of the potato crop when grown

from true seed or transplants

Kacheyo et al. (2021) published augmented
descriptions of growth and development stages of
potato (Solanum tuberosum) grown from different
types of planting material. They showed that crops
grown from true potato seed or seed tubers differ in
the number of stems per plant, the presence of below-
ground branches, the position of stolons on the main
stem, the branching of the main stem, both at lower
nodes and higher nodes, the sympodial branching
intensity, and the number and uniformity of tubers.
Despite these strong differences in below-ground
and aboveground architectures, Gu et al. (2025)
demonstrated that one fundamental aspect is very
much the same for both types of crops: there is a very
close relationship between rate of photosynthesis or
stomatal conductance on the one hand and the leaf
nitrogen content (in amount of nitrogen per unit area
of leaf) on the other hand. This relationship holds
across leaves from different origins (either from main
stem or branch or from different orders of branches)
and across leaf ages.

However, the different architectures will have
consequences for tuber yield, number of tubers per
stem, and tuber size distribution and therefore the
cropping system for crops grown from propagules from
hybrid diploid varieties needs to be newly designed.

Novel cultivation systems required

There are several different cultivation pathways
possible for using true potato seed for the production
of transplants, seed potatoes, and ware potatoes. The
different options are illustrated in Figure 3.

van Dijk et al. (2025) showed that direct sowing
is an option, but requires very special care, due to the
small size of true potato seed, the low vigour of the
seedlings, and the physiology of crops grown from
TPS. They showed that plants can meet numerous
challenges, from environmental factors (both abiotic
and biotic, including weed) and associated with
crop management such as hilling. Best results are
obtained when the true potato seeds are pelleted, have
received some additions in the pelleting material to
stimulate growth, and are covered by plastic mulch
during early growth. Nevertheless, the success rate
of seed germination and seedling establishment can
be relatively low and therefore sowing density must
be high. There is a strong positive relation between
sowing density and yield, especially when sowing
takes place when conditions for emergence and plant
establishment are not very conducive.

Success is more likely when sowing takes place
in a nursery and vigorous transplants are produced
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that can then be transplanted into the field after
some hardening. Kacheyo et al. (2024a) showed
that temperature and light intensity during raising of
the seedlings are crucial to create enough leaf area
per seedling and to produce compact seedlings (i.e.,
seedlings with a large amount of dry matter per unit of
length of their stem) to make them vigorous. Stockem
et al. (2023) indicated that not only light intensity,
but also proportion of far-red light is important for
increasing the number of tubers per seedling, and not
only temperature, but also the difference between day
and night temperature is important in determining
the size of the individual tubers formed. Age of
the transplant at transplanting is important but less
critical than originally assumed, as long as progress
to tuberization is not advanced.

By using different trays differing in plug size
and volume, Kacheyo et al. (2025) showed that
it is important to grow transplants at the right
density and with a proper plug volume to give the
transplants enough vigour and to make seedling
production easier in terms of water management.
There is a very strong trade-off between number
of seedlings produced per unit area and individual
seedling vigour, reflected by the seedlings’ leaf area,
leaf dry mass, stem dry mass, total dry mass, root:
shoot ratio, height, and compactness.

Crops of the same genotype but grown from
transplants or seedling tubers perform differently
when used in the field to produce daughter tubers.
Gu et al. (2024) showed that the branching pattern
and the leaf area distribution over the different
types of branches are different between TPS-grown
crops and seedling-tuber grown crops with similar
stem densities per unit area. Differences between
the two types of crops depended on the year, most
likely because of differences in soil tillage and
environmental conditions during early growth;
effects of year and propagule type interacted with
the stem density effects created in the experiments.
Most striking were the larger number of high-order
branches in TPS grown plants. These architectural
differences were also visible below-ground: crops
grown from TPS produced many more tubers per
stem, especially in the smaller size classes than
crops grown from seedling tubers at the same stem
density. Differences were most pronounced at low
stem density but significant at all densities, with the
higher densities producing fewer tubers per stem.
Differences in number of tubers per stem had strong
consequences for the tuber size distribution with
more tubers obviously resulting in a shift to smaller
tubers.

whisab

Kacheyo et al. (2024b) demonstrated that
the shape and size of ridge or bed was extremely
important for the number of tubers per unit area and
the tuber yield per unit area of field crops produced
from transplants. Especially planting in raised or flat
beds gave more tubers and higher tuber yields than
various ridge systems. Soil tillage is crucial to obtain
the right number of tubers and the right yield but is
also important for tuber quality as greening and other
physiological disorders might also differ among
various soil tillage systems.

Stockem et al. (2024) conducted a detailed yield
component analysis on crops of different hybrids
and grown from seedling tubers of the same size
or weight but showing different numbers of eyes
per seedling tuber. They found that within a hybrid,
seedling tubers with fewer eyes produced more stems
per eye resulting in almost the same number of stems
per seedling tubers. Seedling tubers with fewer eyes
also produced slightly more tubers per stem so that
the number of tubers per plant was very similar for
seedling tubers with more eyes and those with fewer
eyes. The outcome was that crops from both types
of seedling tubers provided the same yield, the same
number of tubers, and similar tuber size distribution.

The results of our agronomic studies show
that there is work to do to optimize a cropping
system involving direct sowing of true potato seed.
However, there are opportunities to grow potato
crops from transplants and seedling tubers. Use of
such propagules also requires adaptation of some of
the general cultural practices, partly because of the
differences in above- and below-ground architectures.
A system producing normal seed tubers from a crop
grown from seedling tubers is also an option in areas
where seed degeneration is relatively slow.

Table 1 summarizes the characteristics required
for high-quality propagules of the different types that
might be produced in a diploid hybrid potato seed
system.

Use of true potato seed in Sub-Saharan Africa

Lindhout et al. (2011) were the first to publish on
the development of hybrid true potato seed. de Vries
et al. (2016) reported that the first field trials with
potato hybrids were conducted in 2015; These trials
were repeated in Africa, in the Democratic Republic
of Congo, in 2016 (see also Lindhout and Struik,
2023), a country where informal seed systems are
dominant and seed tuber degeneration is fast. These
experiments demonstrated the benefit of hybrid true
potato seed in terms of seed health and resistance
against late blight, but there were two problems.
First, the material was still too heterozygous; second,
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the regulatory legal framework did not permit hybrid
true potato seed varieties to be grown (Lindhout and
Struik, 2023).

den Braber et al. (2023) analyzed the potato sector
in East Africa and concluded that for the introduction
of hybrid true potato seed it was essential to develop
a solid understanding of three important elements: a)
how farmers evaluate innovations, b) what the local
farm realities are, and c) the local seed systems in
which the farmers operate. Using hybrid true potato
seed requires a drastic change in the configurations
of the local seed systems, and how the potato crop
is grown, taking into account the agroecological and
socio-economic context. They argued that in order
to achieve that change, an iterative research cycle
linking researchers, breeders, farmers, and other
stakeholders should be designed and institutional
embedding should be facilitated based on shared
views on this innovation.

Gildemacher and ter Steeg (2023) argued that
the use of hybrid true potato seed rather than seed
tubers can greatly simplify the production system
of early generation seed as it no longer requires
a system of in vitro plantlets and minitubers that
requires advanced technology, reliable infrastructure,
and skilled labour. Additional advantages include, but
are not limited to, absence of most seed-tuber borne
pests and diseases, lack of seed dormancy, absence of
physiological ageing, and long storability. But most
of all: ease of logistics in storage, transport, and use.
However, for smallholder farmers in Sub-Saharan
Africa there are also major disadvantages, preventing
instant success. These include factors related to
their needs, economics, risk avoidance, and stressful
environments, with large disease pressure and strong
abiotic stresses. Under such conditions, plants from
seed tubers are more robust than seedlings. Adoption
of hybrid true potato seed will require a seed system
based on decentralized seed tuber producers who can
handle hybrid true potato seed of suitable varieties
and produce seed tubers from it, that match the
demands of the smallholder ware growers in Sub-
Saharan Africa, including short dormancy, earliness,
marketability, resistance to late blight, and tolerance
to bacterial wilt.

Conclusions

We conclude that hybrid diploid true potato seed
has great potential. The story of hybrid true potato
seed is a story of hope that might revolutionize
the potato sector, but in ways that are still largely
unknown. Hybrid breeding might open new avenues
for pyramiding resistance genes, introgressing novel

traits such as heat tolerance and health promoting
characteristics. The use of true potato seed opens new
opportunities for tailor-made seed systems in Sub-
Saharan Africa where the production of healthy seed is
difficult and governance of seed systems complicated.
However, this potential still requires validation in
practice in different cropping systems and agro-
ecologies. There are different models possible for
producing propagules from hybrid diploid varieties.
It is not yet fully crystalized what would be the best
model for the use of hybrid varieties in developed and
developing countries. Moreover, different propagules
create crops that differ in crop physiology although
some basics are very much shared. But because of
the differences, crops from different propagules
require different cultural practices and there is still
a lot of research required to optimize seed systems
and cropping systems of potato from hybrid varieties
in different parts of the world. Capitalizing on the
potential is therefore still a huge challenge. But in
regions where the advantages are large and weigh
heavily it is definitely worth trying.

Nevertheless, the technology of hybrid true
potato seed could become a driver of change in the
potato sector development, especially in Sub-Saharan
Africa.

The technology addresses some fundamental
challenges of the conventional vegetative multiplication
system, including land requirement for seed production,
availability of healthy early generation seed tubers,
seed degeneration, and logistics of seed storage and
transport.
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A diploid hybrid potato breeding strategy (based on Eggers, 2025)
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Figure 1. A strategy to create diploid hybrid cultivars, from collecting diploid
germplasm through inbred line and parent line development to diploid cultivars
with maximum heterosis and finally optimizing cultivation systems making use
of novel propagules.
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Figure 2. The rapid changes in multiplication of potato over the last 50 years. Based on Struik (2023).
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Table 1. Desired characteristics of the different types of propagules that can be produced in a diploid hybrid

potato seed system.

g;(r))[;agule Size Health Physiology Pre-Treatment 8ltll;il;c teristics
True Seed Large and Disease-free No dormancy; Seed priming Properly enriched coating;
uniform (no viroids) Maximum Pellet size and shape should
germination rate and match sowing machine
seedling vigour
Transplant Right size; Disease-free  Proper age and status; Properly Uniform
Proper leaf area; No progress hardened,;
Compact; Sturdy; to tuberization Transplant-shock
Vigorous proof
Seedling Right size; Disease-free  Proper Pre-sprouted Proper number of sturdy
Tuber Right number physiological age sprouts after
of eyes pre-sprouting
Normal Right size Disease-free  Proper Pre-sprouted Proper number of sturdy
Seed Tubers physiological age sprouts after
pre-sprouting
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ABSTRACT

The use of grafted seedlings enhances water and nutrient uptake under abiotic stress conditions, such as high or low
temperatures and drought, by promoting a stronger root system. Additionally, grafting improves tolerance to diseases
and pests, thereby positively affecting both yield and quality. Hybrids of C. moschata x C. moschata and C. maxima x
C. moschata are currently the most commonly used rootstocks for cucumber (Cucumis sativus L.) seedling production.
In this study, the cucumber cultivar PTK40 F1 was used as the scion, while non-grafted PTK40 F, seedlings served as
the control group. In this study, 11 promising interspecific hybrid Cucurbita rootstocks tolerant of low temperatures
were used. The performance of the promising rootstock candidates was compared with that of commercial rootstocks
such as Shintoza F , Nun 9075 F , Cobalt F,, Cremna F , and Max Crom F,. Grafted and non-grafted seedlings were
acclimated at 15°C/10°C (day/night) after reaching the 3-4 true-leaf stage. Subsequently, they were subjected to a
low-temperature treatment at 5°C (day and night) for two days. Plant damage was evaluated visually using a scale
ranging from 0 (no damage) to 5 (dead plant). The results showed that the rootstock/scion combinations KB20/PTK40
F,, KB17/PTK40 F,, KB19/PTK40 F , and KB22/PTK40 F, exhibited high visual tolerance to low temperatures with
low damage scores (0-1). However, biochemical analyses revealed significant physiological differences. Under low-
temperature stress, malondialdehyde (MDA) and hydrogen peroxide (H,O,) levels generally increased. Contrary to
visual observations, KB22 exhibited high lipid peroxidation (MDA: 20.39 nmol g' FW). The physiologically most
tolerant genotypes were identified as KB5/PTK40 F, (MDA: 9.99 nmol g' FW) and KB4/PTK40 F, (MDA: 10.73
nmol g!' FW), which maintained the lowest oxidative damage and did not require excessive proline accumulation.
KB20/PTK40 F, also demonstrated a balanced tolerance mechanism. Based on these findings, the combinations KB20,
KB4, and KBS, identified as tolerant, will be further evaluated for plant growth and yield performance under cold-
season greenhouse conditions in future studies.

Keywords: Cucurbita rootstock, Grafted seedling, Low-temperature stress, Oxidative stress, MDA, Proline
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Introduction

Cucumber (Cucumis sativus L.) is one of the
most important and widely cultivated vegetable
crops worldwide. According to the Food and
Agriculture Organization (2025) records, the
annual global production of cucumber exceeds
97 million tons, with a substantial share produced
in Asian and Mediterranean countries. Tiirkiye is
among the leading countries in the world in terms
of total cucumber production. It has a significant
share, particularly in greenhouse cultivation. In
Turkiye, 1,468,437 tons of fresh-market cucumbers
were produced on 219,968 decares. Of this total
production, 1,028,122 tons were obtained from
protected cultivation covering 73,592 decares
(Turkish Statistical Institute, 2024).

Environmental stress conditions constitute one of
the primary challenges in cucumber production. Low-
temperature stress is recognized as a critical factor that
limits seedling development, reduces photosynthetic
capacity, and induces oxidative damage, particularly
during the early spring and late autumn periods (Li et
al., 2015). Although the plants have developed various
morphological and physiological adaptive mechanisms
to cope with low-temperature stress, many commercial
cucumber cultivars remain highly sensitive to this stress
(Karaagag et al., 2017). Therefore, in addition to the
adoption of alternative cultivation techniques, the use
of qualified, low-temperature-tolerant genotypes has
become essential for successful cultivation.

In recent years, grafted seedlings have emerged as
one of the most effective cultivation strategies to mitigate
abiotic stresses, including low and high temperatures
and drought. Grafted seedlings enhance stress tolerance
through a strong root system, improve nutrient and
water uptake, increase yield, and reduce quality losses
(Lee and Oda, 2003; Schwarz et al., 2010; Balkaya,
2014). The production and use of grafted seedlings
have rapidly increased in Tiirkiye over the past 20
years, with the widespread adoption of interspecific C.
maxima x C. moschata and intraspecific C. moschata
x C. moschata rootstocks in grafted cucumber seedling
production (Yiicel et al., 2022; Ipek et al., 2025).
Interspecific Cucurbita hybrids are particularly favored
because of their strong root systems and greater tolerance
of environmental stresses.

Biochemical markers play a pivotal role in
elucidating plant responses to abiotic stress conditions.
Reactive oxygen species (ROS) generated under low-
temperature conditions induce oxidative damage
at the cellular level, resulting in lipid peroxidation.
Malondialdehyde (MDA), a major product of lipid
peroxidation, is a widely utilized marker for assessing

stress severity (Heath and Packer, 1968; Hasanuzzaman
et al., 2020). Similarly, proline accumulation plays a
critical role in mechanisms such as maintaining osmotic
balance, stabilizing cellular structures, and scavenging
free radicals (Szabados & Savouré, 2010). Furthermore,
hydrogen peroxide (H,O,) holds central importance in
stress responses, acting as both an indicator of oxidative
stress and a signaling molecule (Slesak et al., 2007).

Currently, assessing low-temperature tolerance
of interspecific hybrid Cucurbita rootstock candidates
using both morphological and biochemical parameters
represents a significant area of research. This study
aimed to compare the tolerance to low-temperature
stress of cucumber seedlings grafted onto locally
developed hybrid Cucurbita rootstocks (from the
breeding program) and commercial rootstocks with
that of non-grafted seedlings, using morphological
(visual assessment) and biochemical (MDA, proline,
and H,0O, content) analyses. The findings of this study
are expected to contribute to the development of new
low-temperature-tolerant local rootstocks suitable for
grafted cucumber cultivation.

We hypothesized that locally developed interspecific
hybrid Cucurbita rootstocks would exhibit higher low-
temperature tolerance than commercial rootstocks
by minimizing oxidative stress and maintaining cell
membrane stability. The primary novelty of this
research is the physiological profiling of promising
local Cucurbita rootstock candidates against the other
commercial varieties. By combining visual scoring with
key biochemical indicators (MDA, H,0,, and proline),
this study overcomes the limitations of morphological
observation alone and elucidates the underlying oxidative
defense mechanisms for cold tolerance.

Materials and Methods

Genetic Materials

The plant genetic materials for this study consisted
of interspecific hybrid Cucurbita rootstock candidates
(C. maxima x C. moschata) derived from a project
supported by the Scientific and Technological Research
Council of Tiirkiye (TUBITAK), which aimed to
develop rootstocks for grafted cucumber seedling
production. The Cucurbita rootstock candidates,
which exhibit resistance to biotic stress factors
such as Fusarium wilt (Fusarium oxysporum f. sp.
cucumerinum) and root-knot nematodes (Meloidogyne
spp.), have been self-pollinated to the S-S, breeding
generations, ensuring their genetic homogeneity.

Eleven of these rootstock candidates (KB2, KB3,
KB4, KB5, KB6, KB13, KB17, KB18, KB19, KB20,
and KB22), identified as tolerant to low-temperature
stress and exhibiting no graft incompatibility when
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used for grafted cucumber (C. sativus L., cv. PTK40 F))
seedling production, were utilized. The cucumber
cultivar PTK40 F | (Petektar Seed Company) was used
as the scion, with non-grafted PTK40 F| plants serving
as the control. Additionally, PTK40 F was grafted onto
commercial rootstocks such as Shintoza F,, Nun 9075
F,, CobaltF , Cremna F , and Max Crom F , and these
were compared with the local Cucurbita rootstock
candidates.

Grafting Cucumber Cultivar onto Cucurbita

Rootstocks

The grafting studies were conducted in a private
seedling production facility in Antalya, Tiirkiye. In the
grafting experiment, seeds of the scion and rootstock
were sown on April 15, 2025, and April 17, 2025,
respectively. Grafting was performed on May 2, 2025,
when the rootstocks had their cotyledons parallel
to the soil surface and the first true leaf emerging,
and the scions were at the first true-leaf stage. Prior
to the procedure, all equipment and hands were
disinfected with a 1% dipotassium peroxodisulfate
solution, and grafting was performed using the one-
cotyledon method. Following grafting, seedlings were
maintained in a healing chamber for seven days and
subsequently transferred to the R&D center of Petektar
Seed Company on May 20, 2025, for low-temperature
stress testing.

Determination of Low-Temperature Tolerance
in Non-Grafted and Grafted Cucumber
Seedlings with Different Hybrid Cucurbita
Rootstocks Using Morphological Indicators

The experiment was conducted in a completely
randomized design with three replications, each
consisting of 30 plants. Plants reaching the three or
four true leaf stage were grown in a growth chamber
with 70% relative humidity under a 12/12 h light/dark
photoperiod with a light intensity of 100 pumol m?s™.
As part of the cold acclimation and stress process, the
cucumber seedlings were maintained at 15°C/10°C
(day/night) for two days, followed by 5°C/5°C for an
additional two days (Li et al., 2015). Following the
2-day low-temperature treatment, visual scoring and
leaf sampling for biochemical analyses were performed
immediately, without a post-stress recovery period, to
evaluate the acute stress response.

Following the low-temperature treatments, grafted
and non-grafted seedlings were visually evaluated for
cold injury symptoms. Evaluations were conducted
using a 0-5 scale (0: No symptoms/damage, 1:
Desiccation on 10% of the leaf area (trace injury, 2: 10-
30% slight injury, 3: 30-50% moderate injury, 4: >50%
advanced/severe injury, 5: dead plant) developed by
Smeets and Wehner (1997) and modified in this study.

Determination of Low-Temperature Tolerance

in Non-Grafted and Grafted Cucumber

Seedlings with Different Hybrid Cucurbita

Rootstocks Using Biochemical Analyses

Leaf samples from grafted and non-grafted
cucumber seedlings were collected and subjected to
biochemical analyses at the R&D laboratory of Petektar
Seed Company.

Determination of Oxidative Stress Markers

(H,0, and MDA)

Hydrogen peroxide (H,0,) and malondialdehyde
(MDA) levels were assessed as oxidative stress markers.
H,0, content was determined according to the method
described by Slesak et al. (2007). Absorbance was
measured at 436 nm, and results were expressed on a
fresh-weight (FW) basis. MDA content, as an indicator
of lipid peroxidation, was analyzed using the method
described by Ohkawa et al. (1979). Absorbance readings
were taken at 532 and 600 nm. Calculations were
performed using the formula provided by Giineri Bagc1
(2010), and the results were expressed as nmol g*' FW.

Determination of Proline Levels

The proline content, which acts as a crucial
osmoprotectant under stress conditions, was determined
following the methodology described by Kaur and Asthir
(2015). Fresh leaf samples were homogenized in an
extraction solution, and the resulting supernatant was
reacted with acid ninhydrin and glacial acetic acid.
After incubation in a hot water bath, the absorbance
of the colored reaction product was measured
spectrophotometrically at 520 nm. The proline
concentration was quantified using a standard curve and
the results were expressed as umol g fresh weight (FW).

Statistical Analyses

Prior to the analysis of variance, the normality
of the data distribution and homogeneity of variances
were evaluated using the Shapiro-Wilk and Levene’s
tests, respectively. In plant stress physiology, acute
treatments such as low temperature often induce
extreme biochemical responses compared to non-
stressed controls, naturally leading to deviations from
strict homoscedasticity and normality. However, a
two-way analysis of variance (Anova) was performed
on the original data, as this analysis is highly
robust to such deviations in completely balanced
experimental designs commonly used in agricultural
research (Gomez and Gomez, 1984). Furthermore,
recent methodological evaluations in crop sciences
emphasize that ANOVA maintains its reliability and
Type I error control even when data deviate from
normal distribution, especially when sample sizes are
equal across treatments (Kozak and Piepho, 2018).
Therefore, a two-way Anova was confidently used to
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evaluate the main effects of temperature, genotype, and
their interaction (temperature x genotype). Differences
among the interaction means were determined using
Tukey’s multiple comparison test at a significance
level of P < 0.05.

Results and Discussion

Low-Temperature Tolerance of Non-Grafted

and Grafted Cucumber Seedlings on

Different Hybrid Cucurbita Rootstocks Using

Morphological Indicators

Following the low-temperature test, visual
evaluations of grafted and non-grafted cucumber
seedlings revealed notable differences among
seedlings grafted onto different candidate hybrid
Cucurbita rootstocks (Fig.1). In the study, when
local Cucurbita rootstock candidates were evaluated
alongside commercial rootstocks, the lowest cold
damage score was observed in candidate KB20/
PTK40 F, (0.0), followed by KB17/PTK40 F, (0.67),
KB22/PTK40 F (0.78), and KB19/PTK40 F, (0.89).
These rootstocks exhibited high visual tolerance,
performing statistically comparable to the commercial
rootstock Shintoza F /PTK40 F (0.67). The superior
performance of interspecific hybrids is often attributed
to their vigorous root systems, which maintain better
water status and nutrient uptake under stress conditions
(Lee et al., 2010; Huang et al., 2013). However, as
noted in previous studies, visual assessment alone
may not always reflect the instantaneous physiological
status of the plant, especially under short-term stress
conditions, as cellular damage may precede visible
symptoms (Zhou et al., 2007). Therefore, these visual
findings were cross-referenced with biochemical
markers to determine the mean low-temperature
tolerance levels.

Oxidative Stress Responses (H,0, and MDA) in

Non-Grafted and Grafted Cucumber Seedlings

on Hybrid Cucurbita Rootstocks

Low-temperature stress induces oxidative stress by
triggering the accumulation of reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,), which can
damage cellular components (Mittler, 2002). In this
study, physiological data on low-temperature tolerance
revealed critical differences among the rootstocks in
tolerance mechanisms.

Analysis of H20: content revealed that low-
temperature-sensitive genotypes, including KB6 and
PTK40 F, (non-grafted), showed dramatic increases (up
to 404%), while the highest ROS-scavenging capacity
was recorded in rootstock candidates KB4 (731.62 nmol
g' FW) and KB5 (1029.39 nmol g’ FW) (Table 1).
Both of these Cucurbita rootstock candidates exhibited

significantly lower H O, levels than the commercial
Shintoza F| rootstock (2164.49 nmol g FW) and the
visually tolerant KB22 rootstock (1721.04 nmol g
FW) (Table 1). Low H,O, accumulation in tolerant
Cucurbita rootstocks under low temperature stress has
been widely linked to an efficient antioxidant enzyme
system capable of scavenging ROS prior to the onset of
oxidative damage (Slesak et al., 2007; Gill and Tuteja,
2010).

Under low-temperature stress, lipid peroxidation
(MDA) levels, which serve as a direct indicator of
cell membrane damage, exhibited a similar pattern
(Hodges et al., 1999). Grafted cucumber seedlings on
rootstocks KB5 (9.99 nmol g'! FW), KB4 (10.73 nmol
g!' FW), and KB13 (10.73 nmol g' FW) showed the
highest membrane stability (Table 2), suggesting that
the cell membranes of these rootstocks were efficiently
protected against oxidative damage.

A notable discrepancy was observed in the
KB22 rootstock. Although KB22 appeared tolerant
in visual assessments (Score: 0.78), it exhibited the
highest MDA content (20.39 nmol g FW) among all
rootstocks, statistically matching the sensitive groups.
This result indicates that while the KB22 rootstock
successfully maintained leaf turgor and water status in
the short term, avoiding visible wilting, it experienced
severe lipid peroxidation at the cellular level. This
confirms that biochemical damage often precedes
visible morphological symptoms under acute cold
stress, making cell membrane markers like MDA more
reliable than visual scoring for accurate tolerance
screening (Campos et al., 2003). In contrast, the KB20
rootstock candidate exhibited a balanced tolerance
strategy, maintaining moderate yet stable levels of both
H,0,(1218.96 nmol g"' FW) and MDA (12.38 nmol g*!
FW), thereby confirming its physiological resilience
in line with its visual performance (Table 2, Fig. 1).

Changes in Proline Content in Non-Grafted
and Grafted Cucumber Seedlings on Hybrid
Cucurbita Rootstocks

Proline accumulation constitutes a widespread
response to osmotic stress in plants; its role is dual,
functioning both as an osmoprotectant and as a
signaling molecule indicative of stress-induced cellular
damage (Ashraf and Foolad, 2007).

In this study, the highest proline accumulation
was observed in the rootstocks KB6 (617% increase)
and KB2 (577% increase) (Table 3). This pronounced
accumulation reflects a highly active osmoprotective
defense mechanism aimed at mitigating low-
temperature-induced cellular damage under stress
pressure (Szabados and Savouré, 2010; Zulfigar et
al., 2020; Ghosh et al., 2022).
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The rootstocks KB4, KBS, and KB20, identified as
tolerant to low temperature, exhibited smaller increases
in proline levels than the other rootstocks (Table 3).
The absence of massive proline accumulation in these
rootstocks may be attributed to more effective oxidative
stress management, as indicated by lower levels of
ROS and MDA. In plants, the maintenance of cellular
integrity under stress conditions is closely associated
with efficient antioxidant defense mechanisms.

In this study, cucumber seedlings grafted onto
the KB22 rootstock exhibited low proline levels (6.43
umol g! FW) despite showing high membrane damage,
as indicated by elevated MDA levels (Table 3). This
lack of an adequate biochemical response, combined
with severe cellular damage, suggests that the stress
signaling mechanism in the KB22 rootstock may be
impaired or insufficient to trigger defense pathways
effectively. This response pattern contrasts with that
observed in rootstocks such as KB5S and KB20, which
exhibit traits associated with improved tolerance to
low-temperature stress.

When the biochemical responses are evaluated
as an integrated physiological mechanism, a clear
cascade from ROS generation to osmoprotectant
emerges. In highly tolerant rootstocks like KB4 and
KBS, the prevention of excessive H,O, accumulation
mitigates downstream lipid peroxidation, evidenced
by minimal MDA levels. Because early-stage
oxidative stress is efficiently managed by intrinsic
ROS-scavenging systems, these genotypes maintain
cellular integrity without needing massive, energy-
consuming proline synthesis. Conversely, susceptible
rootstocks (e.g., KB6, KB2) attempt to compensate
for high oxidative damage through massive proline
accumulation (over 500% increase). Notably, the
KB22 genotype represents an impaired physiological
response model; despite severe membrane damage
(highest MDA), it fails to trigger an adequate proline
response, indicating a decoupled stress-signaling
pathway. These integrated findings suggest that true
low-temperature tolerance in Cucurbita rootstocks
relies not on reactive osmoprotection (proline), but on
proactive ROS suppression (low H,0,) and subsequent
membrane stability (low MDA).

Conclusions

Cucumber (Cucumis sativus L.) is a thermophilic
crop highly sensitive to low-temperature stress.
During unheated greenhouse cultivation in winter and
early spring, low temperatures act as a major abiotic
stress factor that impairs physiological functions,
restricts vegetative growth, and ultimately causes
significant reductions in both yield and fruit quality
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(Blum and Jordan, 1985; Amin et al., 2022; Sun et al.,
2024). Currently, one of the most effective strategies
to improve cucumber yield under these adverse
conditions is the use of cold-tolerant rootstocks.
Cucurbita species used as rootstocks exhibit a higher
capacity for water and nutrient uptake, as well as
greater cytokinin production under low-temperature
stress compared to cucumbers (Tachibana, 1988;
Xiao et al., 2025). Consequently, numerous studies
have reported that grafted cucumbers demonstrate
significantly higher tolerance to cold stress than non-
grafted varieties (Den Nijs, 1981; Tachibana, 1982;
Bulder et al., 1991; Fu et al., 2024).

In this study, low-temperature stress tolerance
in cucumber seedlings grafted onto interspecific
Cucurbita rootstock candidates was comprehensively
assessed by integrating morphological and
biochemical indicators. Overall, the results indicate
that visual morphological observations alone are
insufficient and should be supported by physiological
evidence to accurately determine tolerance to low-
temperature stress. Based on the morphological
responses observed in the classical low-temperature
test and biochemical analyses, cucumber rootstock-
scion combinations with Cucurbita rootstocks KB4
and KBS were identified as the most physiologically
tolerant. These combinations maintained cellular
integrity by exhibiting the lowest levels of oxidative
stress (H,0, and MDA) without requiring excessive
proline accumulation. Furthermore, KB20 rootstock
demonstrated a highly stable, well-balanced
performance, with strong concordance between
superior visual scores and biochemical markers,
indicating considerable potential for use as a
commercial rootstock. Similarly, cucumber seedlings
grafted onto the KB13 rootstock exhibited notable
physiological stability, suggesting its reliability as
a rootstock candidate.

While commercial rootstocks (particularly Shintoza
F,, Cremna F , and Cobalt F)) exhibited high levels of
H,0, and MDA (indicating cell membrane damage) under
low temperatures, several hybrid rootstock candidates,
such as KB20, KB4, KB5, and KB13, successfully
maintained these stress markers at significantly lower
levels. Conversely, susceptible rootstock candidates such
as KB6 (617%) and KB2 (577%) exhibited massive
proline accumulation as a reactive metabolic response
to severe cold stress. Although this indicates a strong
activation of osmoprotective defense mechanisms,
it reflects an effort to compensate for high oxidative
damage rather than true low-temperature tolerance,
distinguishing them from proactively tolerant genotypes
like KB4 and KBS.
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Non-grafted PTK 40 F, seedlings exhibited a
markedly higher increase in H,0, (404%) under
low-temperature stress compared with most grafted
combinations, whereas their stress-protective proline
accumulation (24%) remained notably low. These
findings indicate that non-grafted cucumber plants are
highly susceptible to cold stress and that grafting onto
rootstocks effectively mitigates oxidative stress (H20:
and MDA) while enhancing plant defense mechanisms.

Based on the findings of this study, KB20,
KB4, and KB5 appear to be the most promising
rootstocks for grafted cucumber production under
low-temperature conditions (Fig. 2). In the near future,

these local Cucurbita rootstocks are expected to be
registered and introduced into commercial cucumber
seedling production.
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Figure 1. Scale scores representing low-temperature tolerance levels of interspecific hybrid rootstock candidates
and commercial rootstocks (Different letters indicate significant differences at P < 0.05).

Figure 2. Morphological appearance of grafted cucumbers using KB20, KBS5, and KB4 rootstocks under low

temperature stress.
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Table 1. Effects of low-temperature stress on hydrogen peroxide (H,0,) content of different rootstocks and
cucumber seedlings (nmole g' FW).

Treatment
Rootstocks/Cultivars Low Temperature Control Mean Increase (%)

KB2 1369.32 d-h 808.73 1-m 1089.03 g-1 69
KB3 1165.13 g-j 437.06 Im 801.09 1-k 167

KB4 731.62 j-m 581.32 k-m 656.47 k 26

KB5 1029.39 g-k 805.18 1-m 917.28 h-k 28
KB6 2533.38 a 1128.35 g-j 1830.86 b 125

KB13 1147.01 g-j 902.89 g-1 1024.95 g-j 27
KB17 1752.49 c-e 586.29 k-m 1169.39 e-h 199

KB18 1751.42 c-e 1240.81 e-j 1496.12 c-¢ 41

KB19 1871.88 b-d 1414.57 d-g 1643.22 b-d 32

KB20 1218.96 f-j 1058.53 g-k 1138.74 f-h 15

KB22 1721.04 c-f 882.64 h-1 1301.84 e-g 95

Cobalt F, 1058.88 g-k 753.30 j-m 906.09 h-k 41
Cremna F, 1137.94 gj 35249 m 745.22 jk 223

Max Crom F, 2311.07 ab 1280.61 e-1 1795.84 be 80

Nun 9075 F, 244911 a 2394.21 a 2421.66 a 2
Shintoza F, 2164.49 a-c 832.89 1-m 1498.69 c-e 160
PTK40 F, (Non-grafted) 2392.61 a 474.37 Im 1433.49 d-f 404

P 0.0001 0.0001

Means followed by different letters in the same column are significantly different according to Tukey’s test (P < 0.05). Analysis of
variance (ANOVA) showed high significance for treatments (P < 0.001).

Table 2. Effects of low-temperature stress on malondialdehyde (MDA) content of different rootstocks and
cucumber seedlings (nmole g' FW).

Treatment
Rootstocks/Cultivars Low Temperature Control Mean Increase (%)
KB2 12.40 c-f 8.39 f-h 10.40 ef 48
KB3 10.91 c-h 8.17 f-h 9.54 ef 34
KB4 10.73 d-h 8.30 f-h 9.52 ef 29
KB5S 9.99 d-h 7.74 f-h 8.87f 29
KB6 15.27 a-d 8.33 f-h 11.80 c-f 83
KB13 10.73 d-h 8.34 f-h 9.54 ef 29
KB17 16.26 a-c 7.94 f-h 12.10 b-f 105
KB18 11.04 c-h 7.10 f-h 9.07 ef 56
KB19 11.87 c-h 7.05 gh 9.46 ef 68
KB20 12.38 c-g 10.47 d-h 11.42 d-f 18
KB22 20.39 a 9.26 e-h 14.82 a-d 120
Cobalt F, 18.85 ab 10.40 d-h 14.62 a-d 81
Cremna F, 19.78 a 11.19 c-h 15.49 ab 77
Max Crom F, 18.74 ab 11.58 c-h 15.16 a-c 62
Nun 9075 F, 14.08 b-e 10.71 d-h 12.39 a-¢ 31
Shintoza F, 20.25a 11.20 c-h 1573 a 81
PTKA40 F, (Non-grafted) 11.58 c-h 6.58 h 9.08 ef 76
P 0.0001 0.0001

Means followed by different letters in the same column are significantly different according to Tukey’s test (P < 0.05). Analysis of
variance (ANOVA) showed high significance for treatments (P < 0.001).
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Table 3. Effects of low-temperature stress on proline content of different rootstocks and cucumber seedlings

(nmole g* FW).

Treatment
Rootstocks/Cultivars Low Temperature Control Mean Increase (%)
KB2 41.22 a 6.09 e-k 23.65a 577
KB3 6.12 e-k 331 h-k 471 ¢F 85
KB4 9.87 d-g 3.86 h-k 6.86 d-f 156
KB5S 15.87bc 10.60 c-f 13.23b 50
KB6 38.07a 5.31 fk 21.69 a 617
KB13 11.26 c-e 7.12 e-k 9.19 cd 58
KB17 8.34 d-1 5.88 e-k 7.11 c-f 42
KB18 17.68 b 3.40 h-k 10.54 be 420
KB19 8.80 d-h 5.38 f-k 7.09 c-f 64
KB20 6.79 e-k 5.52 f-k 6.16 d-f 23
KB22 6.43 e-k 4.40 g-k 542 f 46
Cobalt F 6.87 e-k 2.09 jk 448 f 229
Cremna F, 6.75 e-k 1.88 k 431f 259
Max Crom F, 7.60 d-j 1.91k 476 £ 298
Nun 9075 F, 13.06 b-d 5.03 f-k 9.04 c-e 159
Shintoza F, 6.13 e-k 3.08 1-k 4.61f 99
PTKA40 F, (Non-grafted) 6.10 e-k 4.92 f-k 551 ef 24
P 0.0001 0.0001

Means followed by different letters in the same column are significantly different according to Tukey’s test (P < 0.05). Analysis of
variance (ANOVA) showed high significance for treatments (P < 0.001).
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ABSTRACT

Hazelnut (Corylus avellana L.) genetic resources are essential for biodiversity conservation and breeding programs. Recently
registered cultivars with valuable agronomic traits require efficient clonal propagation systems to ensure the production of
disease-free planting material and the establishment of uniform orchards. Although micropropagation offers a promising
alternative to conventional propagation methods, hazelnut remains a recalcitrant species due to low regeneration capacity
and frequent latent contamination. In this study, four newly registered Turkish hazelnut cultivars (Okay 28, Allahverdi,
Cetiner, and Siislil) were evaluated for their in vitro propagation responses. Axillary nodal explants collected between May
and August 2025 were surface-sterilized and cultured on Nas and Read Medium (NRM) supplemented with 5 mg L' BA
and 0.01 mg L' IBA. After four weeks, contamination and shoot induction rates were recorded. The highest contamination
levels were observed in ‘Okay 28’ (84%) and ‘Cetiner’ (85%), whereas ‘Siislii’ (23%) and ‘Allahverdi’ (39%) showed the
lowest contamination. Correspondingly, ‘Siislii’ and ‘Allahverdi’ exhibited the highest shoot induction rates (56% and 44%,
respectively). During multiplication, ‘Siislii’ produced the highest number of shoots per explant (2.3) and the greatest shoot
length (4.6 cm). Rooting on NRM supplemented with 2 mg L' IBA revealed significant genotype-dependent variation. This
study represents the first report on the in vitro propagation of these newly registered hazelnut cultivars and highlights the
importance of genotype-specific optimization for efficient micropropagation and germplasm conservation.

Keywords: Corylus avellana, hazelnut, micropropagation

Introduction The Hazelnut Research Institute (HRI) in Giresun

Hazelnut (Corylus avellana L.) is among the most
economically significant nut crops worldwide, with
Tiirkiye serving as the leading producer and exporter,
supplying approximately 61% of global hazelnut
production (FAOSTAT, 2024). Hazelnut cultivation is
the principal livelihood and an essential economic pillar
of the Black Sea region. Tiirkiye’s diverse ecological
conditions have facilitated the accumulation of rich
Corylus germplasm, resulting in extensive genetic
variability and numerous locally adapted landraces.
This genetic wealth forms the backbone of breeding
programs aimed at improving yield, kernel quality, and
resilience to biotic and abiotic stress factors.

maintains the national hazelnut germplasm collection,
comprising 459 C. avellana genotypes originating
from different production zones (Sekerli, 2024).
These genotypes represent a valuable reservoir for
conservation, breeding, and biotechnological studies.
However, conventional propagation method by suckers,
it is slow, seasonal, and susceptible to pathogen
transmission, while also showing considerable
variability among propagules (Beyhan et al., 2018).
Consequently, there is a growing need for efficient
in vitro propagation systems that enable the rapid
and reliable multiplication of elite cultivars while
preserving genetic fidelity.

(§) This study was presented as an oral presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkiye, on December 1-5, 2025.
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Plant tissue culture provides a powerful platform
for the clonal propagation, conservation, and
improvement of woody species. Although several
studies have reported in vitro propagation of Turkish
cultivars such as ‘Tombul’, ‘Cakildak’, and ‘Fosa’
(Sekerli, 2024; Elgicek 2020), no data are available
regarding the micropropagation responses of recently
registered cultivars developed through national breeding
efforts. Currently, 23 hazelnut cultivars are officially
registered in Tiirkiye, each with distinct agronomic
properties and adaptation capacities (HRI, 2026).
Among these, four recently registered cultivars have
not previously been evaluated under in vitro conditions.
Understanding the morphogenic responses of these
newly released cultivars under controlled culture
conditions is therefore critical for establishing robust
propagation protocols and enhancing the management
of hazelnut genetic resources.

In this study, four recently registered Turkish
hazelnut cultivars with distinct agronomic traits were
evaluated. ‘Okay 28°, developed through breeding
programs at HRI, is noted for its larger nut and kernel
size compared with the widely cultivated ‘Tombul’
(Balik et al., 2015). The ‘Allahverdi’ cultivar, obtained
through selection breeding and registered in 2015,
displays a leafing time that is on average 10-15 days
later than that of “Tombul’ (Balik et al., 2016). ‘Cetiner’
registered in 2022, is the earliest leafing cultivar among
all examined varieties and exhibits a comparable kernel
ratio along with reduced susceptibility to biennial
bearing (Bektas and Cil 2023). The most recently
registered cultivar, ‘Stslii’ (TTSM, 2025), is a red-
leaved ornamental hazelnut with distinctive husk
coloration, contributing both genetic and aesthetic
diversity to Turkish hazelnut germplasm.

The aim of this study was to evaluate the in
vitro shoot induction and proliferation responses of
these four new Turkish hazelnut cultivars cultured
on Nas and Read medium (NRM) (Nas and Read,
2004). Genotype-specific differences were assessed
to determine optimal conditions for high-quality shoot
production. The findings provide a foundation for large-
scale propagation of these cultivars and contribute to
the long-term conservation and utilization of Tiirkiye’s
hazelnut genetic resources.

Materials and Methods

Plant Materials

One-year-old shoots were collected from
approximately 10-year-old field-grown mother trees
of the hazelnut cultivars ‘Okay 28°, ‘Allahverdi’,
‘Cetiner’, and ‘Siislii’ maintained in the germplasm
collection orchard of the Hazelnut Research Institute

(HRI), Giresun, Tiirkiye. Explant collection was carried
out during the first weeks of June, July, and August
2025. During each sampling period, shoots from all
four cultivars were collected and used as biological
replicates for the study. The mother trees were pruned
in March 2025 to promote the development of vigorous
current-season shoots suitable for in vitro culture. No
fungicides, plant growth regulators, or other chemical
treatments were applied to the mother trees prior to
explant collection.

Surface Sterilization and Culture Initiation

After the leaves had been removed, the shoots were
rinsed under running tap water for 1 hour. The shoots
were cut into 2-3 cm nodal segments and surface-
sterilized under a laminar flow hood by immersion
in 70% ethanol for 30 seconds followed by 1% (v/v)
sodium hypochlorite (NaOCl). Preliminary sterilization
trials were conducted to optimize the exposure time,
and a treatment time of 5 min was selected as the
optimal condition for all subsequent experiments.
The explants were then rinsed three times with sterile
distilled water and blotted dry on sterile filter paper.

Following the surface sterilization procedure, the
explants were cultured individually in 16 x 100 mm
culture tubes containing 5 mL of Nas and Read Medium
(NRM; Nas and Read, 2004) supplemented with 5 mg
L 6-benzyladenine (BA), 0.01 mg L' indole-3-butyric
acid (IBA), 30 g L' sucrose, and 0.6% (w/v) plant agar
(Duchefa). The pH of the medium was adjusted to 5.7
before the addition of agar, after which the medium was
autoclaved. Cultures were maintained at 23 + 2°C under
a 16 h photoperiod with a light intensity of 40 umol
m? s, After four weeks of culture, the percentages
of contaminated explants and shoot induction were
recorded (Figure 1).

Shoot Multiplication

At the end of the initiation stage, the original woody
explants were discarded, and only newly developed,
contamination-free microshoots approximately 2 cm in
length and containing two to three nodes were selected
for the multiplication stage. The basal leaves of the
selected microshoots were removed prior to transfer
to fresh culture medium. The microshoots were then
transferred to fresh NRM with the same composition
as described above.

Microshoots were cultured in culture jars containing
50 mL of medium, with five microshoots per jar. Three
biological replicates were used for each cultivar, and each
replicate consisted of four culture jars. The cultures were
maintained under the same environmental conditions
described for the initiation stage. Microshoots were
transferred onto fresh medium of the same composition
at four-week intervals without shoot excision or division.
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After a total culture period of eight weeks, the number
of shoots per explant and the mean shoot length were
measured and recorded (Figure 2).

Root Induction

Microshoots longer than 4 cm obtained after two
consecutive four-week subcultures in the multiplication
stage were transferred to fresh NRM supplemented
with 2 mg L' IBA, 30 g L' sucrose, and 0.6% (W/v)
plant agar for root induction. The pH of the medium
was adjusted to 5.7 before the addition of agar and
autoclaving. After autoclaving, filter-sterilized IBA
(0.22 pm membrane filter, Isolab) was aseptically
added to the cooled medium.

Microshoots were cultured in culture jars
containing 50 mL of medium, with five microshoots
per jar. Three biological replicates were used for
each cultivar, and each replicate consisted of four
culture jars. Cultures were maintained under the same
environmental conditions described above. After six
weeks of culture, the rooting percentage, the mean
number of roots per microshoot, and the length of the
longest root were recorded (Figure 3).

Acclimatization

Rooted plantlets cultured for six weeks on rooting
medium were transferred into paper pots containing
a substrate mixture of peat:perlite (2:1:1, v/v/v).
The paper pots were placed in transparent plastic
containers with closed lids to maintain high relative
humidity and kept in a growth chamber at 23 £+ 1°C,
70% relative humidity, and a 16 h photoperiod.
After four weeks, humidity was gradually reduced
by progressively opening the container lids, which
were completely removed after 30 days. Plantlets
were fertilized weekly with Hoagland nutrient
solution (Hoagland and Arnon, 1938). Following
acclimatization, the plantlets were transferred to a
temperature-controlled greenhouse maintained at
25 £ 2°C and equipped with an automated misting
system. The plantlets were grown in seedling trays
under low plastic tunnels to maintain high humidity
and promote successful establishment.

Data Collection and Analysis

The experiments were conducted using a
completely randomized design. For culture initiation,
each explant was cultured individually in a separate
culture tube, and each tube was considered an
experimental unit. The initiation experiment consisted
of three independent experimental runs, conducted
during the first weeks of June, July, and August
2025, with 100 explants per cultivar in each run.
For the multiplication and rooting experiments, five
microshoots were cultured in each jar, and each culture
jar was considered an experimental unit. For each
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cultivar, the experiment consisted of three independent
experimental runs, with four jars per run, resulting
in a total of 12 jars and 60 microshoots per cultivar.
Percentage data, including contamination, shoot
induction, and rooting percentages, were subjected
to arcsine square-root transformation before analysis
of variance. All data were analyzed by analysis of
variance (ANOVA) using IBM SPSS Statistics
version 18.0. Differences among cultivar means
were compared using Tukey’s honestly significant
difference test at p < 0.05. Untransformed percentage
means are presented in the tables and figures for ease
of interpretation.

Results

Microbial contamination and shoot induction rates
varied significantly among the cultivars tested (p < 0.05)
(Figure 4). The highest contamination levels were
observed in ‘Okay 28’ (84%) and ‘Cetiner’ (85%),
while ‘Siislii’ (23%) and ‘Allahverdi’ (39%) exhibited
the lowest levels. Consistent with this trend, ‘Sislii’
and ‘Allahverdi’ showed the highest shoot induction
frequencies, 56% and 44%, respectively. In contrast,
‘Okay 28’ (7%) and ‘Cetiner’ (10%) demonstrated the
lowest shoot formation rates.

Contamination-free explants were subsequently
transferred to multiplication medium. Among the
cultivars, ‘Siislii’ produced the highest mean number
of shoots per explant (2.3) and the greatest shoot
length (4.6 cm). ‘Allahverdi’, ‘Okay 28°, and ‘Cetiner’
generated 1.31, 1.02, and 0.78 shoots per explant,
respectively (Figure 5). Shoot elongation followed a
similar pattern: ‘Allahverdi’ reached an average shoot
length of 3.51 cm, followed by ‘Okay 28’ (2.15 cm),
whereas ‘Cetiner’ exhibited the shortest mean shoot
length (2.05 cm) (Figure 5).

Rooting performance demonstrated substantial
variation among the cultivars (Figure 6). ‘Sisli’
achieved the highest rooting success (90%), producing
an average of 4.56 roots per micro-cutting. This was
followed by ‘Allahverdi’ with 83% rooting and a mean
of 3.51 roots per micro-cutting, and ‘Okay 28’ with
72% rooting and an average of 2.15 roots. ‘Cetiner’
exhibited the lowest rooting success (56%), with a
mean of 2.05 roots per micro-cutting.

Discussion

Extensive breeding and selection programs in
hazelnut have led to the development of several
superior cultivars with improved agronomic traits.
Rapid, disease-free, and clonal propagation of these
cultivars is essential for their widespread adoption
and for establishing uniform orchards. In Tiirkiye,
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where propagation is largely carried out through
suckers, conventional methods remain insufficient
to meet the growing demand for high-quality planting
material and are unsuitable for sustainable large-scale
production. In contrast, micropropagation enables
continuous, controlled, and clonal plant production
throughout the year, making it a valuable tool for
modern hazelnut cultivation.

In the present study, mature field-grown trees
served as the source of explants. Consequently,
the observed microbial contamination rates were
higher than those reported in studies using juvenile
material or plants grown under controlled conditions.
This outcome is consistent with previous work
demonstrating that the use of potted or greenhouse-
grown donor plants significantly reduces both bacterial
and fungal contamination during culture initiation
(Messeguer and Mele 1983; Yu and Reed 1995;
Bacchetta et al., 2008; Sekerli, 2024). Similarly,
explants derived from mature trees often show lower
establishment success compared with juvenile tissues,
as reported in other woody species and in hazelnut
(Bassil et al., 1991; Diaz-Sala et al., 1990; Messeguer
and Mele, 1987). Studies comparing juvenile and
mature nodal explants of C. avellana have consistently
shown higher culture establishment and regeneration
capacity in juvenile plant material, supporting the
results of the current study.

Regeneration capacity in hazelnut is well known
to be highly genotype-dependent, and previous studies
have reported considerable variability among cultivars
in both shoot induction and rooting responses (Hand et
al., 2014; Akin et al., 2017). The findings of the present
study are consistent with these observations. Among
the cultivars evaluated, ‘Siislii’ exhibited the highest
shoot and root induction capacity, whereas ‘Okay 28’
and ‘Cetiner’ displayed the lowest performance.
‘Okay 28’, one of the two Turkish cultivars developed
through breeding programs (Balik et al., 2015), is
primarily recognized for its large nut size but appears
to possess limited regenerative capacity in vitro. The
‘Allahverdi’ cultivar, a registered variety developed
through selection breeding, is distinguished by leaf
emergence occurring approximately two weeks later
than that of the reference cultivar ‘Tombul’ (Balik et
al., 2016), and exhibited an intermediate regeneration
performance among the four cultivars tested. Although
the physiological basis of the superior regeneration
performance of ‘Siislii’ remains unclear, genotypic
differences in endogenous biochemical and hormonal
profiles may contribute to the observed variation
(Lupo et al., 2025). In line with this, other red-leaved
hazelnut types, such as Corylus maxima Mill., have

also been reported to synthesize substantial levels of
flavonoids and diarylheptanoids with notable bioactive
properties (Riethmiiller et al., 2015; Felegyi-Toth et
al., 2022). The red-leaved phenotype and ornamental
value of ‘Siislii’ further underscore its potential as
a promising candidate for both horticultural and
biotechnological applications. Overall, the genotype-
dependent variation observed in this study highlights
the necessity of cultivar-specific optimization when
developing micropropagation protocols for hazelnut.

Conclusions

This study presents the first report on the in
vitro propagation responses of the newly registered
Turkish hazelnut cultivars ‘Okay 28°, ‘Allahverdi’,
‘Cetiner’, and ‘Siislii’. The successful regeneration of
contamination-free plant material from these cultivars
provides a valuable foundation for future tissue culture
and biotechnology research. The ability to obtain clean,
clonal stock material is essential for breeding programs,
conservation strategies, and large-scale propagation
efforts aimed at supporting Tiirkiye’s hazelnut industry.
Further optimization studies focusing on medium
composition, growth regulators, and rooting conditions
will help enhance the efficiency and reliability of
propagation protocols for these important cultivars.
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Figure 1. Culture initiation from axillary nodal explants. a) ‘Okay 28’ b) ‘Allahverdi’ ¢) ‘Cetiner’ d) “Siislii’.

Figure 2. Shoot multiplication of four cultivars. a) ‘Okay 28’ b) ‘Allahverdi’ ¢) ‘Cetiner’ d) ‘Siislii’

Figure 3. In vitro rooting of ‘Siislii’ cultivar.
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ABSTRACT

Eggplant (Solanum melongena L. ) is a major vegetable crop with great potential for genetic improvement owing to its
large and mostly untapped genetic diversity. Tiirkiye is the 4" country with the highest production amount among the
world’s eggplant producing countries. The most important factor limiting eggplant production is its susceptibility to soil-
borne diseases such as Fusarium and Verticillium wilt. Resistance to Fusarium wilt in eggplant is monogenic. In the Aegean
Agricultural Research Institute, vegetable genetic resources are used extensively in both open-pollinated and hybrid
variety breeding studies. In the present study, a total of 48 eggplant genotypes, including F, breeding lines and landraces
from the institute's gene pool, were screened for resistance to Fusarium wilt using the PCR-based SCAR426 molecular
marker. All landraces and 23 breeding lines lacked the resistance-associated allele and were classified as susceptible based
on marker analysis. Among the tested materials, only one inbred line ETAS was found to carry the resistance allele. As
classical phenotypic screening was not performed in the present study, the resistance indicated by the SCAR426 marker
for ETAS requires confirmation through classical disease resistance assays. This genotype could represent an alternative

source of resistance and may be valuable for future eggplant breeding programs.

Keywords: SCAR426, molecular evaluation, Solanum melongena, Fusarium wilt, sources

Introduction

Eggplant (Solanum melongena L.) is one of the
four most important Solanaceous crops and is widely
cultivated and consumed in Asia, the Mediterranean basin,
and Southeast Europe. From the 1970s onward, traditional
summer open-field eggplant production progressively
shifted toward year-round intensive cultivation systems.
In Turkiye, a total of 115 eggplant varieties were officially
registered as of 2025. These registered varieties include
both open-pollinated and hybrid types; however, the
majority are hybrids, while only 8% are open-pollinated
varieties. Additionally, 13% of the registered varieties are
rootstock types, which are mainly interspecific hybrids
or hybrids involving Solanum torvum (Gékseven and
Akbudak 2022; TTSM, 2026).

Eggplant is susceptible to various biotic stresses,
including nematodes, wilt diseases, eggplant fruit and
shoot borer, two-spotted spider mites, whiteflies, and
aphids. These factors cause significant reductions in
yield, fruit quality, shelf life, and nutritional content
(Arafa et al., 2022). One of the most important factors
limiting eggplant production is its susceptibility
to soil-borne diseases, particularly Fusarium and
Verticillium wilts. Fusarium wilt of eggplant was
firstly reported and described in Japan by Japanese
Plant Pathologist Matuo and Ishigami during 1958.
It is caused by the soil-borne pathogen Fusarium
oxysporum f. sp. melongenae, which induces wilt
disease and leads to severe yield losses, especially
in Asian, European, and Mediterranean countries.

(§) This study was presented as an oral presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkive, on December 1-5, 2025.
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Soil pathogenic eggplant fungus described for the
first time in Japan, and found in abundance in Asia:
China, Korea (Cho and Shin, 2004; Altinok, 2005;
Zhuang, 2005; Dong et al., 2017). Also, Fusarium
oxysporum f. sp. melongenae has been reported in
several European countries, including the Netherlands
(Van Steekelenburg, 1976), Greece, Spain, and Italy,
as well as in Tiirkiye where it was first documented
in 2005 (Van Steekelenburg, 1976; Stravato and
Cappelli, 1990; Holevas et al., 2000; Urrutia et al.,
2004; Altinok, 2005; Cappelli et al., 2013).

Three eggplant germplasms, LS1934, LS174,
and L52436, have been found to be highly resistant
to Fusarium oxysporum f. sp. melongenae in multiple
studies based on genetic mapping and inoculation tests
(Sakata et al., 1996; Mochizuki et al., 1997; Monma
et al., 1997; Miyatake et al., 2016) mapped a major
resistance locus (FM1) for Fusarium wilt at the end of
chromosome 2, with two allelic forms Fm1(L) from
LS1934 and Fm1(E) from LS174.

Mutlu et al. (2008) developed tightly linked SRAP
(Me8/Em5) and SRAPRGA markers that flank the
Fusarium wilt resistance gene at approximately 1.2 cM,
along with a RAPD marker at 2.6 cM. These markers
were converted to SCAR markers that were confirmed
across F,, BC, and BC, generations, demonstrating
high reliability for markerassisted selection of resistant
eggplant genotypes. Boyaci et al. (2011) confirmed
by classical genetics that resistance in LS1934 and
LS2436 follows a single dominant gene inheritance
pattern. Sulu et al. (2022), evaluated three molecular
markers (SCAR426, CAPs_ 903, and SIVR844) that
are known to be linked with major disease resistance
genes in eggplant. The study used breeding materials,
including the resistant accessions Solanum melongena
LS1934 and L.S2436, and assessed resistance both
with markers and classical inoculation tests (rootdip)
against Fusarium oxysporum f. sp. melongenae (FOM)
and other pathogens. Especially SCAR426 marker for
Fusarium resistance is useful tools for markerassisted
selection in disease resistance breeding of eggplant.

Molecular testing was conducted using the
SCAR426 marker on 77 eggplant genotypes selected
for yield and quality traits developed by the Alata
Horticulture Research Institute (AL/Mersin/Tiirkiye).
LS2434, L.S1934, and Koksal were used as resistant
controls, while Kemer, Yula, and NSFB-99 served as
susceptible controls. PCR analyses revealed that four
eggplant genotypes (P11, P29, P49, and P52) were
resistant to Fusarium oxysporum f. sp. melongenae
(FOM), producing the expected 426 bp band, whereas
the remaining 73 genotypes were identified as
susceptible (Colak-Ates et al., 2018).
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At the Aegean Agricultural Research Institute,
vegetable genetic resources are extensively utilized
in both open-pollinated and hybrid eggplant breeding
programs. Currently, eight eggplant varieties with
diverse fruit characteristics-including reddish-purple
and black-purple skin color, fruit lengths ranging from
very long to short, and cylindrical to pear-shaped
forms-have been registered (Haytaoglu et al.2023;
TTSM 2026).

In the present study, F, eggplant breeding lines and
germplasm, including landraces from the institute’s
gene pool, were screened for resistance to Fusarium
wilt using the PCR-based SCAR426 molecular marker.
This is the first study to evaluate Turkish local eggplant
landraces for Fusarium wilt resistance.

Materials and Methods

The genetic material of eggplant used in this study
was obtained from advanced breeding lines maintained
in the eggplant gene pool of the Aegean Agricultural
Research Institute (AARI), Vegetable Department,
Tiirkiye. 48 genotypes were tested totally. 21 eggplant
landraces (Manisa, Mugla, Kayseri and Nigde
provinces) 24 F, stage inbred lines and one registered
local variety (Yamula). The ‘Kdksal’ cultivar was used
as the resistant control, whereas ‘Aydin Siyahi-55 was
used as the susceptible control. Detailed information
regarding the genotypes used in the study is provided
in Table 1.

Genomic DNA was isolated from fresh young leaf
tissues of resistant and susceptible controls and breeding
lines using the GeneJET Plant Genomic DNA Purification
Kit (Thermo Fisher Scientific). DNA concentration and
quality were determined using a spectrophotometer, and
DNA integrity was confirmed on a 1% agarose gel. All
control genotypes and breeding lines were screened
for the presence of the FOM resistance gene using the
dominant Sequence Characterized Amplified Region
marker SCAR426 (Mutlu et al., 2008). Sequence of
SCAR426 was shown in Table 2.

PCR amplifications were carried out in a total
reaction volume of 20 pL, containing 5 puL PCR
master mix (DreamTaq Green Master Mix, Thermo
Fisher Scientific), 1 pL each of forward and reverse
primers (10 pmol), 2 uL genomic DNA (15-20 ng),
and 11 pL nuclease-free water. The PCR conditions
consisted of an initial denaturation at 94°C for 3 min,
followed by 35 cycles of denaturation at 94°C for 30
s, annealing at the primer-57°C specific temperature
for 60 s, and extension at 72°C for 60 s, with a final
extension at 72°C for 7 min. The PCR products were
separated on a 2% agarose gel and visualized using a
GelCapture MiniBIS UV imaging system. The Gene




Ruler 100 bp Plus DNA Ladder (Thermo Scientific)
was used as a molecular standard to confirm the marker
SCAR426. The SCAR426 dominant primer provided
a single 426 bp band for the homozygote resistant (R)
genotypes, a single 800 bp band for the susceptible
(S) genotypes. The SCAR426 marker screening was
repeated twice to confirm the reliability of the results.

Results and Discussion

All 48 eggplant genotypes, including landraces,
advanced inbred lines, and control varieties, were
successfully amplified using the SCAR426 molecular
marker linked to Fusarium wilt resistance. The marker
produced clear and reproducible banding patterns,
confirming the reliability of the PCR amplification and
gel electrophoresis procedures. The SCAR426 marker
differentiated the genotypes into two distinct classes
based on banding patterns: homozygous resistant
genotypes exhibiting a single 426 bp band, susceptible
genotypes showing a single 800 bp band. The susceptible
control variety Aydin Siyahi-55 produced the expected
800 bp band, while the resistant control Koksal showed
the resistant allele, validating the effectiveness of the
marker system used in this study (Figure 1).

Among the tested materials, resistance-associated
bands were detected in only one inbred line, indicating
the presence of the Fusarium wilt resistance gene in the
AARI eggplant gene pool. In contrast, a considerable
proportion of landraces and breeding lines lacked the
resistance-associated allele and were classified as
susceptible based on marker analysis. The resistance
allele was detected exclusively in the inbred line ETAS.

The SCAR426 marker was originally developed
from a cross between the resistant parent ‘L.S2436’
and the susceptible parent ‘NSFB99’ (Mutlu et al.,
2008). However, unlike the mapping population used
for marker development, the present study evaluated
genetically diverse eggplant materials, including open
pollinated registered cultivar, landraces from different
geographical regions, and F, stage inbred lines (derived
from cultivated x wild crosses). The heterogeneous
genetic backgrounds of these materials, particularly the
landraces, may have reduced the predictive accuracy of
the marker. Furthermore, as SCAR426 is a dominant
marker, it cannot discriminate heterozygous individuals
from homozygous resistant genotypes, which may
have contributed to the inconsistencies between marker
genotypes and resistance phenotypes.

Colak-Ates et al. (2018) evaluated the resistance
of 77 eggplant genotypes to Fusarium wilt (Fusarium
oxysporum f. sp. melongenae, FOM), Potato virus
Y (PVY), and root-knot nematode (Meloidogyne
incognita, RN) using marker-assisted selection and

classical inoculation test. The SCAR426 marker was
used to screen for FOM resistance, with ‘Koksal’ and
‘L.S2436’ serving as resistant controls and ‘NSFB99’
as the susceptible control. Molecular marker analysis
identified four genotypes (P11, P29, P49, and P52)
as heterozygous resistant to FOM. The resistance of
these genotypes was subsequently confirmed through
classical inoculation testing evaluation. Furthermore,
conventional screening for PVY and RN resistance
showed that all genotypes were susceptible to PVY,
whereas only P29 and P52 exhibited resistance to both
FOM and RN.

In another study, Simsek et al. (2020) initially
screened 120 eggplant inbred lines and four commercial
hybrid cultivars previously reported as resistant using
the SCAR426 molecular marker. All inbred lines were
identified as susceptible, whereas all four commercial
hybrid cultivars exhibited the resistance-associated
marker profile. Subsequently, eggplant breeding
materials (F -F, generations) were screened using
the SCAR426 marker linked to the FOM resistance
gene, and 533 seedlings were evaluated by root-
dip inoculation with a Fusarium oxysporum f. sp.
melongenae (FOM) isolate. All seedlings identified as
resistant by the marker survived the inoculation assay.
However, six hybrids lacking the SCAR426 resistance-
associated marker were also found to be resistant in
the classical inoculation test. These findings indicate
that SCAR426 is a useful marker for developing
eggplant lines resistant to Fusarium wilt, but they
also suggest the existence of an additional source of
resistance independent of the resistance gene derived
from the genotype ‘LS2436’. Among the genotypes
evaluated in this study, only the inbred line ETAS
carried the resistance-associated allele detected by
the SCAR426 marker. ETAS exhibited pear-shaped
fruits, slightly striped green skin, and white fruit flesh
characteristics (Figure 2). The remaining breeding
lines and all landrace genotypes were classified as
susceptible according to the marker analysis.

Conclusions

In this study, 48 eggplant genotypes, including
landraces, advanced inbred lines, and registered
varieties, were screened for Fusarium wilt resistance
using the SCAR426 molecular marker. The marker
effectively distinguished resistant and susceptible
genotypes, producing clear 426 bp bands in
homozygous resistant lines and 800 bp bands in
susceptible ones. Several advanced inbred lines
and selected landraces were found to carry the
resistance allele, while a considerable portion of the
tested germplasm remained susceptible. As classical
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phenotypic screening was not performed in the present
study, the resistance indicated by the SCAR426 marker
for ETAS requires confirmation through classical
disease resistance assays. Nevertheless, the resistant
control ‘Kdksal’ consistently produced the expected
resistant band, in agreement with previous studies,
indicating stable marker performance in this genotype.
Similarly, the genotypes evaluated in the present study
may exhibit resistance when subjected to classical
phenotypic screening, even if they are not identified
as resistant by the SCAR426 marker. Considering the
possibility of alternative resistance sources independent
of the LS2436-derived resistance gene, confirmation
through classical phenotypic evaluation would
provide a more reliable assessment of resistance. If
the resistance of ETAS is confirmed through classical
phenotypic screening, this genotype could represent an
alternative source of resistance and may be valuable
for future eggplant breeding programs. In the next
steps, susceptible genotypes identified in this study
should be further evaluated through classical resistance
assays and screened with newly developed resistance-

associated markers to better understand their genetic
background.
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Table 1. The genotypes used in the study. The ‘Aydin Siyah1-55’ and ‘Koksal” cultivars were used as susceptible
and resistant controls, respectively.

No Genotype Name Material Type / Origin Source Institution

1 Aydin Siyahi-55 Registered Variety (Susceptible Control) Aegean Agricultural Research Institute
2 GK1 Landrace, Province Manisa Aegean Agricultural Research Institute
3 GK2 Landrace, Province Manisa Aegean Agricultural Research Institute
4 GK3 Landrace, Province Manisa Aegean Agricultural Research Institute
5 GK4 Landrace, Province Manisa Aegean Agricultural Research Institute
6 GKS5 Landrace, Province Manisa Aegean Agricultural Research Institute
7 GK6 Landrace, Province Manisa Aegean Agricultural Research Institute
8 Yamula patlicani Registered Variety Registered local variety

9 Koksal Registered hybrid Variety (Resistant Control) Yiiksel Seed Company

10 GK7 Landrace, Province Nigde Aegean Agricultural Research Institute
11 GK8 Landrace, Province Nigde Aegean Agricultural Research Institute
12 GK9 Landrace, Province Nigde Aegean Agricultural Research Institute
13 GK10 Landrace, Province Nigde Aegean Agricultural Research Institute
14 GKl11 Landrace, Province Nigde Aegean Agricultural Research Institute
15 GKI12 Landrace, Province Mugla Aegean Agricultural Research Institute
16 GK13 Landrace, Province Mugla Aegean Agricultural Research Institute
17 GK14 Landrace, Province Mugla Aegean Agricultural Research Institute
18 GK15 Landrace, Province Mugla Aegean Agricultural Research Institute
19 GK16 Landrace, Province Manisa Aegean Agricultural Research Institute
20 GK17 Landrace, Province Manisa Aegean Agricultural Research Institute
21 GK18 Landrace, Province Manisa Aegean Agricultural Research Institute
22 GK19 Landrace, Province Kayseri Aegean Agricultural Research Institute
23 GK20 Landrace, Province Kayseri Aegean Agricultural Research Institute
24 GK21 Landrace, Province Kayseri Aegean Agricultural Research Institute
25 ETA1 Inbred Line Aegean Agricultural Research Institute
26 ETA2 Inbred Line Aegean Agricultural Research Institute
27 ETA3 Inbred Line Aegean Agricultural Research Institute
28 ETA4 Inbred Line Aegean Agricultural Research Institute
29 ETAS Inbred Line Aegean Agricultural Research Institute
30 ETA6 Inbred Line Aegean Agricultural Research Institute
31 ETA7 Inbred Line Aegean Agricultural Research Institute
32 ETAS Inbred Line Aegean Agricultural Research Institute
33 ETA9 Inbred Line Aegean Agricultural Research Institute
34 ETA10 Inbred Line Aegean Agricultural Research Institute
35 ETA1l Inbred Line Aegean Agricultural Research Institute
36 ETA12 Inbred Line Aegean Agricultural Research Institute
37 ETA13 Inbred Line Aegean Agricultural Research Institute
38 ETA14 Inbred Line Aegean Agricultural Research Institute
39 ETA15 Inbred Line Aegean Agricultural Research Institute
40 ETA16 Inbred Line Aegean Agricultural Research Institute
41 ETA17 Inbred Line Aegean Agricultural Research Institute
42 ETA18 Inbred Line Aegean Agricultural Research Institute
43 ETA19 Inbred Line Aegean Agricultural Research Institute
44 ETA20 Inbred Line Aegean Agricultural Research Institute
45 ETA21 Inbred Line Aegean Agricultural Research Institute
46 ETA22 Inbred Line Aegean Agricultural Research Institute
47 ETA23 Inbred Line Aegean Agricultural Research Institute
48 ETA24 Inbred Line Aegean Agricultural Research Institute

Table 2. Sequence of SCAR 426 (Mutlu et al., 2008).

Primer SCAR 426  Sequences 5°- 3’
Forward TGA GTC CAAACC GGA CTACAAG
Reverse GAC TGC GTA CGA ATT AAC TCT ACG
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ABSTRACT

Tomato is among the most extensively studied plant species in global breeding and genetic research. In recent years,
CRISPR-Cas9 technology offers extensive opportunities for integrating traits difficult to transfer through classical
breeding methods into qualified genotypes or for generating precise mutations. Furthermore, the regenerative capacity of
the studied plant species or genotype in tissue culture is a prerequisite for advancing genetic studies. This study aimed to
induce in vitro regeneration from cotyledon and hypocotyl explants of four different tomato varieties (PTK-254, PTK-273,
Sekerkiz, Yelpare 82) developed by Petektar Seed Co. Organogenesis was achieved in MS medium using different doses and
combinations of the growth regulators TDZ, BAA, TAA, and Zeatin. In this study, where the interaction of nutrient medium
and varieties was found to be important, the highest shoot formation was obtained from MS-1, MS-8, MS-5, and MS-6
media containing the Sekerkiz variety. These combinations, in which more than 10 shoots were obtained from each explant,
were followed by the Yelpare 82, PTK-254, and PTK-273 varieties cultured in MS-1 medium. The combination of 1.0 mg/L
Zeatin and 0.1 mg/L TAA (MS-1) provided regeneration in all varieties, albeit to varying degrees. The use of TDZ alone at
doses of 2 and 3 mg/L can also yield positive results depending on the variety. Developing shoots were sub-cultured and
grown. For rooting, hormone-free MS medium was used, and tomato plantlets were transferred to peat pots and acclimatized.
In this study, the in vitro regeneration system for advanced genetic applications was optimized on experimental material.

Keywords: Tomatoes, organogenesis, Solanum lycopersicum L., Zeatin, TDZ

Introduction country’s total revenue from fresh vegetable exports
Tomato (Solanum lycopersicum L.) is one of the ~ (Anonymous, 2025b).
most economically valuable members of the Solanaceae It is widely accepted that tomato originated in

the American continent. The primary center of origin
is considered to be South America, particularly the
western coastal highlands spanning parts of Chile,
Bolivia, Ecuador, Colombia, and Peru (Bai and
Lindhout, 2007). Wild tomato species occur naturally
in these regions (Taylor, 1986). The cultivated tomato
(S. lycopersicum) was introduced from Mexico to
(Anonymous, 2025a). While most tomatoes are  Spain during the early sixteenth century, from where
consumed domestically, approximately 590 thousand it gradually spread throughout Europe (Caicedo and
tons are exported, accounting for nearly half of the Peralta, 2013). According to Diez and Nuez (2008),

family and ranks as the world’s second most produced
vegetable after potato. Recent statistics indicate that
global tomato production has reached nearly 192
million tons, with Tiirkiye contributing about 13.3
million tons annually. This production volume places
Tiirkiye third worldwide, following China and India

(§) This study was presented as an poster presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkiye, on December 1-5, 2025.
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Turkish merchants played an important role in its
dissemination to Mediterranean and Middle Eastern
countries. Bayraktar (1953) and Oraman (1968)
reported that tomato was introduced into Tirkiye
around 1770. Initially cultivated in the Adana province
and other Mediterranean regions, tomato production
subsequently expanded to the Marmara region, Istanbul,
and eventually throughout Anatolia (Abak and ilbi,
2022). Over time, locally adapted genotypes and
landraces emerged, giving rise to numerous traditional
local varieties. As in many other vegetable crops,
Tiirkiye represents an important diversification center
for tomato, with a rich collection of local populations
and traditional varieties (Sonmez, 2014).

Today, tomato is consumed in a wide range of fresh
and processed products and is increasingly recognized
as a functional food. As one of the richest natural
sources of lycopene, tomato also contains carotenoids
and polyphenolic compounds that contribute not only to
its nutritional value but also to its sensory and functional
characteristics, including flavor and aroma (Marti et al.,
2016; Sonmez and Ellialtioglu, 2014). Although local
varieties and other open-pollinated genotypes cultivated
in Tirkiye exhibit considerable genetic diversity and
desirable quality traits, many of them require further
improvement for use in modern breeding programs.
Consequently, efficient biotechnological approaches
have become increasingly important to accelerate
breeding and facilitate the incorporation of valuable
agronomic and quality traits into elite germplasm.

Among the advanced biotechnological tools
currently used in crop improvement, genetic
transformation and CRISPR/Cas9-mediated genome
editing have opened new opportunities for precise
modification of economically important traits. However,
the successful application of these technologies depends
primarily on the ability to regenerate whole plants
from cultured tissues. Therefore, the development of
efficient and reproducible in vitro regeneration systems
is considered a fundamental prerequisite for both
functional genomics and modern breeding applications.

Extensive studies have been conducted on tomato in
vitro regeneration through organogenesis using various
explants, including cotyledons, hypocotyls, leaves,
stem segments, pedicels, petioles, and inflorescences.
A comprehensive review of these studies was presented
by Senapati (2016). Regeneration efficiency is
influenced by several factors, particularly genotype,
explant source, culture medium composition, and the
type and concentration of plant growth regulators. In
regeneration systems, the balance between cytokinins
and auxins governs organogenesis, callogenesis,
and somatic embryogenesis through synergistic,

antagonistic, or additive interactions depending on
the plant species and tissue type. Generally, in vitro
regeneration consists of an induction phase, a shoot
elongation phase, and a rooting phase. In tomato,
zeatin and BA are the most frequently used cytokinins,
whereas IAA and NAA are commonly employed auxins
to promote shoot regeneration (Rai et al., 2013; Seggin,
2021; Sherkar and Chavan, 2014; Wayase and Shitole,
2014).

Since regeneration capacity is highly genotype-
dependent, optimization of regeneration protocols
remains essential for newly developed breeding
materials. Therefore, the objective of the present
study was to determine the most suitable regeneration
medium for four Turkish tomato cultivars developed
by Petektar Seed Co. by evaluating different explant
types and combinations of plant growth regulators.
The optimized regeneration protocol established in
this study is expected to provide a reliable platform for
future applications in genetic transformation, genome
editing, and tomato breeding.

Materials and Methods

Plant material

The experiments were conducted at the Petektar
Seed R&D Center, which comprises a research
greenhouse and plant biotechnology laboratories
located in the Kursunlu district of Antalya. Four tomato
varieties PTK-254, PTK-273, Sekerkiz, and Yelpare 82
were used as plant material.

Seed sterilization and in vitro germination

Seeds of four tomato (S. lycopersicum) varieties
were placed in 50 mL Falcon tubes and first immersed
in 70% (v/v) ethanol for 1 min. This was followed by
surface sterilization in 20% (v/v) sodium hypochlorite
(NaOCl) solution containing 2-3 drops of Tween-20
for 20 min. The seeds were then rinsed three times
with sterile distilled water, each wash lasting 5 min.
After washing, seeds were transferred onto sterile filter
papers inside a laminar flow cabinet to remove excess
moisture and then placed on germination medium in
glass jars. All procedures were carried out under aseptic
conditions, and cultures were incubated at 25°C under
a 16/8 h light/dark photoperiod in a growth chamber.

Explant preparation and culture conditions

In all four tomato varieties, explants were
prepared and transferred to regeneration media when
the cotyledon leaves were positioned horizontally and
the first true leaf had just emerged. For this purpose,
hypocotyl tissues and longitudinally bisected cotyledon
leaves were used as explant sources.

Murashige and Skoog (MS) mineral salts and
vitamins (Murashige and Skoog, 1962) were used
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as the basal medium. The media were supplemented
with 3% (w/v) sucrose and solidified with 0.7% (w/v)
agar. The pH of all media was adjusted to 5.7 before
autoclaving. Media were sterilized at 121°C for 15 min
in an autoclave. The explants were cultured on MS
medium containing eight different combinations of
plant growth regulators (PGRs). For each treatment, 10
Petri dishes were prepared, and six cotyledon explants
were placed per Petri dish. In addition, approximately
30 hypocotyl explants (approximately 1 cm in length)
were placed in two Petri dishes per treatment. The
concentrations and combinations of PGRs used in the
experiment, along with their respective code numbers,
are presented in Table 1.

Rooting and acclimatization

Once regeneration had initiated, shoots
approximately 2-3 cm in length were transferred to
RM medium for root induction. All cultures were
incubated in a growth chamber at 26 = 2 °C under
a 16/8 h light/dark photoperiod. Rooted plantlets
were then transferred into pots containing peat-based
substrate. The plants were gradually acclimatized
and subsequently transferred to the greenhouse under
healthy growth conditions (Okutan et al., 2025).

Statistical analysis

One-way analysis of variance (ANOVA) was
performed to evaluate differences between media
and varieties. The general linear model procedure
of MINITAB 17.0 Statistical Software was used for
data analysis. All main effects were considered as
fixed factors. Tukey’s multiple range post hoc test
was employed for multiple comparisons of the means
with an alpha level of 0.05.

Results and Discussion

To determine the optimal regeneration medium for
tomato, the effects of explant source and plant growth
regulators were evaluated using four different tomato
varieties. Cotyledon and hypocotyl explants were
cultured on MS media containing various combinations
and concentrations of plant growth regulators. No
regeneration was observed from hypocotyl tissues.
The effects of eight different MS media compositions
on plant regeneration from cotyledon explants are
presented in Table 2.

The interaction between medium compositions
and varieties was found to be statistically significant.
The highest regeneration rate (82%) was obtained
in the ‘MS-1 x Sekerkiz’ and ‘MS-1 x Yelpare 82’
combinations. Since the mean values were subjected to
angular transformation before statistical analysis, these
transformed values were also used for interpretation.
The next highest regeneration rates were observed
in the ‘MS-5 x Sekerkiz’ and ‘MS-6 x Sekerkiz’
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combinations (55.2%). Although numerical differences
were observed among treatments, regeneration occurred
to varying degrees in almost all combinations, except
for ‘MS-3’ medium and the ‘PTK-254’ variety, which
showed no response. Considering the fundamental
principle of tissue culture that regeneration frequency
is highly genotype-dependent, the interaction effect
was further analyzed separately. Under this approach,
statistically significant differences were also observed
both among varieties and among media compositions.

The composition of the culture medium, especially
the growth regulators it contains, has a decisive
effect on the in vitro morphogenesis and shoot
regeneration capacity of plants. Among the tested media
compositions, ‘MS-1" medium containing ‘1.0 mg/L
Zeatin + 0.1 mg/L IAA’ provided by far the highest
regeneration rate (71.4%) compared with the others.
This evaluation represents the mean regeneration
response across all varieties (Table 2). Similarly,
several researchers have also reported that the use of
Zeatin has a positive effect on regeneration efficiency
in tomato. According to Gubis et al. (2005), not only
the combination of zeatin and IAA but also the TDZ
and IAA combination promoted shoot regeneration
in tomato explants. In addition, ‘MS-5" medium,
containing 3.0 mg/L TDZ, achieved the second-highest
average regeneration rate (approximately 27%). Cao
et al. (2020) also demonstrated that trans-zeatin, a
cytokinin hormone, plays an important role in the in
vivo regeneration of tomato. This medium (MS5),
together with ‘MS-8’ (3.0 mg/L BA + 0.5 mg/L IAA),
showed statistically similar results, falling within the
same significance group. Secgin et al. (2021) also
reported that the combination of 3.0 mg/L BA + 0.1
mg/L TAA (corresponding to MS-8) was suitable for
regeneration from cotyledon explants in the tomato
cultivar ‘Crocker’. The authors noted, however, that
the use of kinetin resulted in better regeneration
performance in the ‘Bobcat’ cultivar.

Genotype had a pronounced effect on regeneration
success in tomato. It has been well documented that
certain cultivars are recalcitrant and highly challenging
for regeneration. Among the varieties used in this study,
‘Sekerkiz’ exhibited the highest average regeneration
rate, as 41.9% (Figure 1), followed by ‘Yelpare 82’
(23.3%). ‘PTK-273’ ranked third with 16.3%, showing
no statistically significant difference from “Yelpare 82’
(Table 2). ‘PTK-254’ displayed the lowest regeneration
response (Figure 2). For this variety, further
optimization using alternative PGR combinations and
concentrations appears necessary. The influence of
genotype on regeneration capacity is well documented
in tomato tissue culture studies. Grozeva et al. (2006)
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reported significant differences among tomato cultivars
in their response to in vitro regeneration, emphasizing
that genotype plays a decisive role in morphogenic
competence. Similarly, El-Shafey et al. (2017) observed
that variations in shoot regeneration frequency were
strongly associated with the genetic background of
the tested cultivars, regardless of identical culture
conditions. These findings indicate that regeneration
potential is an inherent, genotype-dependent trait
rather than solely a result of external culture factors.
Therefore, the selection of a responsive genotype is
crucial for the successful establishment of an efficient
regeneration system in tomato. It is difficult to propose
a single universal regeneration formula suitable for all
tomato varieties. In light of the findings from this study,
Zeatin combined with a low level of IAA proved to be
the most effective cytokinin treatment for promoting
regeneration in tomato explants. All obtained shoots
were successfully acclimatized and subsequently
transplanted into soil (Figure 3).

Conclusions

In this study, nutrient media supplemented with
Zeatin, TDZ, and BA (cytokinins) in combination with
IAA (auxin) were tested for their ability to induce shoot
regeneration from cotyledon explants of four tomato
varieties. The results indicated that genotype was the
key factor affecting regeneration efficiency, though the
composition of PGRs in the medium also contributed
to the observed differences. Among the tested varieties,
‘Sekerkiz’ demonstrated superior regenerative
potential, whereas ‘PTK-254" showed limited

response, confirming its recalcitrant nature. Zeatin,
together with BA and TDZ, promoted regeneration
to different extents across varieties, highlighting the
genotype-dependent nature of morphogenic response.
Furthermore, cotyledon explants proved to be markedly
more efficient in regeneration compared to hypocotyl
explants.

The outcomes of this research provide a solid basis
for future investigations, particularly for applications
involving genetic transformation and accelerated
breeding in tomato. This study underscores the
importance of genotypic variation in tissue culture
responses, suggesting that a tailored optimization
of regeneration protocols for each genotype is
indispensable for achieving consistent and reproducible
results.
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Figure 1. Shoot regeneration of ‘Sekerkiz’ tomato cotyledon explants in eight media compositions.
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Figure 2. Healthy shoots obtained from the ‘PTK-254" tomato variety, which showed the lowest regeneration
capacity among the tested varieties were cultured on MS-1 medium.

Figure 3. Tomato regenerants exhibiting healthy growth following the acclimatization
process.

Table 1. The codes, types, and concentrations of plant growth regulators (PGRs) used in the regeneration media.

Medium Code
PGRs (mg/L)
MS1 MS2 MS3 MS4 MS5 MS6 MS7 MSS8
Zeatin 1.0 2.0
IAA 0.1 0.1 0.5
TDZ 1.0 2.0 3.0 0.5 1.0
BA 0.5 1.0 3.0
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Table 2. In vitro regeneration percentages of four tomato varieties cultured on eight different MS media

compositions.
Varieties
Medium Code
Sekerkiz Yelpare 82 PTK-273 PTK-254 Means”

94.4 94.4 61.1 83.3

MS-1 71.4 A
82.0 a 82.0 a 51.5 abcde 70.2 ab
38.9 27.8 22.2 0

MS-2 22.0 BC
38.0 abcde 26.8 bcde 23.0 bede Oe
0 5.56 0 0

MS-3 20C
Oe 8.0de Oe Oe
22.2 5.56 5.56 0

MS-4 9.9 BC
23.5 bede 8.0 de 8.0 de Oe
66.7 16.7 22.2 0

MS-5 24.6 B
55.2 abcd 19.8 bcde 23.5 bede Oe
66.7 11.1 5.56 0

MS-6 18.6 BC
55.2 abcd 11.8 de 8.0 de Oe
16.7 0 11.1 0

MS-7 7.8 BC
15.0 cde Oe 16.1 cde Oe
77.8 333 0 0

MS-8 24.2B
67.0 abc 30.0 abcde Oe Oe

Means** 41.94 23.3B 16.3 BC 8.8C

Variety (p < 0.05, Tukey’s multiple comparison test)
Medium (p < 0.05, Tukey’s multiple comparison test)

Variety x Medium (p < 0.05, Tukey’s multiple comparison test)

* Means followed by different letters within the same column are significantly different at the 0.05 probability level.
** Means followed by different letters within the same row are significantly different at the 0.05 probability level.
Italic and bold values represent angular transformed data.
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ABSTRACT

The primary goal of agricultural activities is profitability as in every sector. A product that is economically unviable is not
adopted by farmers. Profitable crop production is associated with yield and production costs. In legumes, the harvesting
method plays a role in determining costs. Morphologically, lentil is relatively short and does not grow upright compared
to other plants, especially cereals. This affects the harvesting method and can lead to additional and significant costs.
Therefore, the suitability of the lentil plant for mechanical harvesting is more important than for other plants. When
varieties unsuitable for mechanical harvesting due to their short height are grown, profitability decreases, and farmers
abandon production.

The experimental trials were conducted at the ikizce Research and Application Station, affiliated with the Field Crops
Research Institute, during the 2020/21 and 2021/22 growing seasons. Seven different varieties were used in the trials
during each growing season. Experimental materials were planted as summer and autumn sowings in both years. This
study aimed to determine the characteristic(s) that most affect the suitability of the lentil plant for mechanical harvesting
and its height in terms of growing season. In the combined analysis, statistically significant differences in plant height
were found between year, variety, growing season, year*growing season, and growing season*variety. Furthermore, plant
height was correlated with days to 50% flowering, days to maturity, yield, and first pod height.

Keywords: Lentil, plant height, variety, growing season, autumn planting, summer planting

Introduction nitrogen into the soil. In soils with low nitrogen content

Lentil (Lens culinaris Medic.), as other edible
leguminous crops, is high in protein and contain
vitamins and minerals that are vital for a healthy diet
(Aydogan et al, 2020; Irmak and S6zen, 2024;). Due
to the feature of extended storage stability, it is crucial
to prevent food wasting. According to FAO, 2025,
lentil is an important element of crop rotation systems
while due to its resilience to the climate change it can
contribute ecosystem and biodiversity. It can boost the
soil biodiversity and fertility by fixing atmospheric

(Gustafson, 2017).

Economic sustainability is the priority of farmers
and agricultural businesses (Pannell et al. 2006; Tey
et al. 2012). They can continue to cultivate the crop
when it makes a profit. If the crop is profitable, it
also means that it is economically sustainable. The
profitability of a crop is determined by yield and cost.
There are numerous factors that could affect the yield
of the crop production. It is possible to divide that
factors into three main categories. Which are technical

(§) This study was presented as an oral presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkive, on December 1-5, 2025.
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factors (crop management practices, decision making),
biological factors (insects, weeds, pests and diseases,)
and environmental factors (climatic conditions, soil
properties, topography, and water availability etc.)
(Metclfe and Elkins, 1980). As like other crops, many
of the factors affecting lentil yield are influenced by
uncontrollable climate. Compared to cereals, legumes
have lower yields under the same growing conditions
(Aydogan et al. 2002; Karadavut and S6zen, 2019).
This is one of the most crucial factors that affect the
increases in the production cost of the lentil.

An integral component of every economic activity
is the inevitably arising cost structure. In general, in
legume production, and specifically in lentil cultivation,
the most decisive factor increasing production costs
under Turkish conditions is the harvesting method.
Lentil harvesting is carried out using three methods: 1.
Manual harvesting; 2. Two-stage harvesting including
machine harvesting, field drying, and finally threshing; 3.
Machine (combine harvester) harvesting (Figure 1). Both
manual and two-stage harvesting methods are performed
when the plants turn from green to golden yellow (grain
moisture content around 30%) (Khayrallah, 1981).
In suitable fields without stones, combine harvesters
are used directly when the lentils are completely dry
during the harvesting and threshing process (Karadas
et al., 2018). Methodologically, manual harvesting is
the method that causes the least grain loss compared to
other methods (Mennad et al., 2017).

In West Asia and North Africa (WANA) countries,
lentil harvesting is mostly done by hand (Nannish,
2000). However, in many countries, hand harvesting
practices stand out as one of the main factors limiting
the sustainability of lentil production due to increasing
labour costs and difficulties in securing labour in rural
areas. In Tiirkiye, lentil harvesting is largely carried out
through mechanisation. Nevertheless, in seasons when
the plants exhibit a morphological structure unsuitable
for machine harvesting due to climatic conditions,
producers are forced to resort to hand harvesting
methods. A study conducted in Jordan revealed that
hand harvesting of lentils constituted 17% of the
production cost (Nanish, 2000), while in Mardin, this
harvesting method accounted for 9.6% of the total cost
(Karadas et al. 2018). Ghimire et al. (2024) reported
that in Nepal, the highest cost in lentil production is
labour, accounting for 40.3%, followed by harvesting
costs at 16.7%. A study conducted in Mexico between
2019 and 2020 revealed that the labour cost of manual
harvesting and subsequent threshing accounted for an
average of 40% of the total production cost (Sdenz-
Reyes et al., 2022). Another study reported that variable
costs constituted 76.50% of lentil production costs, with
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26.04% of these variable costs being harvesting and
threshing expenses (Karadas et al., 2018). It has been
determined that for lentil production to be profitable,
labour and harvesting costs need to be reduced by
30.1% and 23.6%, respectively, and a 1% increase in
labour costs increases total production costs by 0.42%
(Ghimire et al., 2024). Although harvesting costs are
relatively low in mechanized harvesting, one of the
significant disadvantages of this method is grain loss.
Indeed, Mennad et al. (2017) reported that grain loss
rates in mechanized harvesting reached 25% in Syria
and ranged from 13-23% in Balkan countries.

The most determining factor in harvesting method
is plant height. Suitability for mechanical harvesting
depends primarily on the plant’s structure, but also
on its condition at harvest time. The morphological
characteristics of lentils do not support a strong, upright
stem form, which creates significant difficulties in
mechanical harvesting. Furthermore, lentil stalks are
thin and weak (Saxsena, 2009), and although stalk
length is reported to vary between 15-75 cm (Malhotra
et al., 1974), the plant height does not reach a level
suitable for machine harvesting in most planting
seasons. In addition, the widespread and prostrate
growth of the above-ground parts of the plant is among
the biggest obstacles to mechanized harvesting.

Kuzbakova et al., (2022) listed the factors
related to plant height/first pod height as follows; (1)
morphological characteristics: growth type, earliness,
lateness, erect, prostrate and semi-prostrate, distribution
of pods on the stem, (2) environmentally: planting
time, photoperiod (long and short days), temperature,
abiotic stress, (3) agronomically: planting time,
planting density. In lentils, the heritability of first pod
height is defined as low-moderate (h?:0.28; h%: 0.55)
(Tabti et al., 2018; Ahmad et al., 2021). Plant height
during harvest is influenced by both genetic factors and
environmental conditions (Tullu et al., 2001). Abiotic
stresses such as drought and heat, and disease infections
significantly affect plant growth and reduce plant height
(Parihar et al., 2020; Pratap et al., 2021). Furthermore,
it has been reported that early abiotic stress factors
(extreme temperatures and drought) further reduce the
height of the first pod in lentils, while late-stage stress
factors have less effect on plant height (Kuzbakova et
al., 2022). Within the scope of agronomic practices,
the row spacing used in planting significantly affects
plant height and the height of the first pod. It has been
reported that the height of the first pod increases as
the row spacing decreases (Togay, 2000). Studies have
shown that harvesting lentils from a height of 5 cm
above the soil surface results in the least loss compared
to hand harvesting, with a reduction of 10.1% in grain




yield and 16.1% in straw yield (Silim et al. 1989). A
harvesting height of 5 cm above the soil surface is
claimed as the most appropriate level. In lentils, tall
plant stature is a desirable characteristic because it
allows for mechanised harvesting. Additionally, lentil
straw, with its high protein content ranging from 4.2%
to 7.8% (Erskine et al., 1989), is widely used in animal
feeding. In many places, lentil straw is called “kes”,
and its price is almost the same as the price of the grain.
The research was conducted to determine the effect
of growing season (autumn and spring sowing) and
selected agronomic traits on plant height in red and
green lentil genotypes for mechanised harvesting.

Materials and Methods

The experimental material consisted of the
following varieties: Firat 87, Sakar, Cagil, Tigris,
Sanlibey, Cift¢i, and Evirgen (red; autumn-sown,
winter-grown lentils); Meyveci 2001, Giimrah,
Karagiil, Bozok, Sultan 1; and the Canadian varieties
Richlea and Laird (green; summer-sown lentils). The
trials were established in a randomized complete
block design (RCBD) with four replications. The
trials were conducted over two years, in 2021 and
2022, as autumn and summer- sown at the Golbasi-
Ikizce Research and Application Farm of the Field
Crops Central Research Institute. For autumn and
summer sowing, 300 and 250 seeds per square meter
were used, respectively. At sowing, 12 kg da! of DAP
(diammonium phosphate) fertilizer was applied in all
experiments.

Autumn trials were planted on October 26, 2020
and October 12, 2021, respectively, during the 2020/21
and 2021/22 seasons. Summer trials were planted on
March 10, 2021 and March 29, 2022. During the trial
period, observations were made on first pod height (cm)
and plant height (cm), number of days to 50% flowering
and number of days to maturity (d), plot yield (g plot-
1), and 1000-seed weight (g/1000 seeds). Square root
transformation was applied to first pod height and plant
height. Plant height and first pod height were square
root transformed. Plot yields were converted to kg da.
Plant height was subjected to variance analysis in terms
of genotype, growing season, and years. Furthermore,
correlations between the obtained observation values
and plant height were examined. Statistical analyses
were performed with the JMP 11 software. Climate
data for the 2020/21 and 2021/22 growing seasons are
given in Figures 2 and 3.

When climate data were examined, during the
2020/21 season autumn-sown and summer-sown plots
received 190 mm and 113.4 mm of rainfall, respectively.
During the following season, total rainfall 202 mm for

summer-sown plots, whereas 83 mm was recorded
for autumn-sown plots. Accordingly, the amount of
rainfall differs in each season while autumn-sown plots
received higher rainfall in 2020/21, summer-sown plots
received higher rainfall in the 2021/22 growing season.

Results

Plant height and first pod height analysis

Autumn sowing

In the 2020/21 autumn-sown season, the average
plant height was 22 c¢cm. The difference in plant
height between varieties was found to be statistically
significant at the 1% level. The highest plant height
was 25 cm in the Firat 87 variety, while the lowest was
18 cm in the Evirgen variety. However, the season in
2021/22, the average plant height was determined to
be 24 c¢m, and the differences in plant height between
varieties were not statistically significant. The lowest
height was 23 cm in the Tigris variety, and the highest
was 25 cm in the Firat 87, Cagil, Sakar, and Sanlibey
varieties.

In the two-year average of autumn sowing
conditions, the difference in plant height between
varieties and years was found to be statistically
significant at the level of 5% for varieties and 1% for
years. The average plant height was 23.1 cm in autumn
sowing over the experimental period (Table 1).

Summer sowing

The average plant height in the summer-sown
season was 26 cm and 33.9 cm in 2021 and 2022,
respectively. In both years, the highest plant heights
were observed in the Canadian varieties Richlea and
Laird. The difference in plant height between the
varieties in the plantings carried out in the summer
seasons of 2021 and 2022 was found to be statistically
significant at the 1% level. The average for summer-
sown over the two years was 30.2 cm. According to
the combined analysis, the difference in plant height
between the varieties and years was found to be
statistically significant at the 1% level. The highest
plant height over the two years was reached in the
Laird variety with 36.5 cm (Table 2).

The overall evaluation revealed that the plant
height of the varieties tested in 2022 was 29 cm higher
than the previous year. The average plant height was 30
cm in summer sowing conditions and 23 cm in autumn
sowing conditions. Specifically, the Firat 87 variety
reached 25 cm in autumn-sown, while the Laird variety
reached 33 cm in summer-sown. The differences in
plant height observed for the year and growing season
were statistically significant at the 1% level (Figure 4).
Plant height and first pod height (cm) values according
to growing season and year are shown in Figure 5.
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The height of the first pod varied between 9.6-
13.0 cm in autumn-sown and between 11.6-15.0 cm in
summer. The averages were 10.9 cm in autumn-sown
and 13.6 cm in summer-sown. The highest first pod
height was observed in the Sakar variety (autumn) at
14 cm, and in the Laird variety (summer) at 15.8 cm.
Overall, an increase in plant height was associated with
a corresponding increase in first pod height.

Morphological Observations Related to Plant

Height

Correlation analysis was carried out to determine
the relevance between morphological observations
and plant height (Table 3). A statistically significant
correlation detected at the 1% level between plant
height and 50% flowering days, days to maturity, yield,
and first pod height. An insignificant but negative
relationship was also found with 1000-seed weight.

Yield

Statistical analysis values for combined yield (kg/
da) for two years in autumn and summer seasons are
given in Table 4. The average yield for two years in
autumn-sown plots was 112 kg/da, whereas it was 153
kg/da in summer. Yields in summer-sown plots were
36.6% higher than those in autumn-sown plots. The
highest yield under autumn sowing was observed for
the Ciftci variety (169 kg /da), whereas under summer
sowing, the highest yield was recorded for the Karagiil
variety (179.8 kg/ da). The difference in yield between
varieties and years in autumn-sown was found to be
statistically significant at the 1% level. However, while
the difference in yield between varieties in summer-
sown was not statistically significant, the difference
between years was found to be statistically significant
at the 1% level.

Discussion

For mechanized harvesting of lentils, not only the
height of the plant but also its upright growth habit
is also a priority. When analysing the study data, the
plant’s growth patterns were not considered in either
autumn or summer planting. In autumn planting, the
plant height of the genotypes varied between 18 and
25 cm. In red lentils, the average plant height after
two years of autumn planting was found to be 23.1
cm. The highest height was found in the Firat 87
variety, described as “Commando” due to its spots,
in the Southeastern Anatolia Region, at 24.9 cm. A
study conducted in Konya showed that when planting
was done on October 10", the average plant height
was 26.42 cm, while on October 20% it was 26.57 cm
(Hakkoymaz and Onder, 2021). In other words, the
difference in planting dates for autumn sowing did
not affect plant height. Similarly, a study conducted
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in Southeastern Anatolia in 2014 used both red and
autumn varieties, and plant height ranged from 44.3-
55.0 cm, with first pod height varying between 10-24
cm (Kog and Akdeniz, 2019).

In our study, as well as in studies conducted
in Konya and Ceylanpinar, although red varieties
and autumn sowings in October, the plant height
in Ceylanpimar was found to be higher compared
to autumn sowings in the Central Anatolia Region.
This is because in Central Anatolia, the cold winters
prevent vegetative growth and halt plant development.
In contrast, winters in Southeastern Anatolia are milder
than in Central Anatolia, allowing plants to continue
growing and making them more suitable for mechanised
harvesting. A study reported that when harvesting with
a machine at a speed of 5 km/h and a cutting height
of 59 mm from the ground, the losses during manual
harvesting were statistically insignificant (Sidahmed
and Jaber, 2004). From this perspective, it has been
observed that in a stone-free field, where mechanised
planting has been done, and a roller has been passed
over it after planting, the initial pod length should be
at least 10 cm for mechanised harvesting when the
machine head touches the ground.

Moreover, in summer-sowing, green lentil
genotypes were preferred. As a result, plant heights
ranged from 27.0 to 36.5 cm, and the average was 30.2
cm. The difference in plant height between the varieties
was found to be statistically significant at the 1% level.
Compared with the autumn-sown, the average plant
height was recorded as 13.4 cm taller. It was observed
that the highest height was obtained from two Canadian
varieties: Richlea (35.1 cm) and Larid (36.5 cm). The
Canadian varieties achieved the highest height due to
their registered characteristics. Canada’s geographical
location plays a significant role in the climatic influence
on plant morphology. Canadian varieties (registered at
60 degrees North latitude) experience longer summer
days in their country of origin. When these varieties
are brought to Tiirkiye (42 degrees North latitude), they
complete their growing cycle in Tiirkiye with shorter
daylight hours and more days. Therefore, in Tiirkiye,
the Canadian variety fulfils its temperature/sunshine
requirements over a longer period, resulting in even
greater height growth.

Summerfield et al. (1985) stated that long days
and high temperatures accelerate the flowering process,
but genotypes show relative sensitivity to each of these
factors, resulting in differences in flowering time under
the same inductive environment. According to the
results of our study, the plant height of other local
summer varieties remained below 30 cm. According
to the results of a study conducted in Yozgat by Erbag
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Kose et al. (2017), the longest plant height of 41.79
cm was observed in the Local-3 population among 5
registered (Sultan 1, Meyveci 2001, Glimrah, Bozok
and Karagiil) and 4 local lentil varieties. It is estimated
that this is due to the intensive use of imported green
lentil seeds in the region. In a study conducted in
Kirsehir in 2013-14, the plant height of green lentils
was found to be between 18 and 21.3 cm (S6zen and
Karadavut, 2017). Although the varieties used in
that study were the same as some of the genotypes
used in our study, it is predicted that climate and soil
conditions probably affected the obtaining of different
plant heights.

A correlation study between morphological
characters revealed a strong and positive relationship
between plant height and 50% flowering days,
maturation days, yield, and first pod height. Kang
et al. (2017) reported a strong correlation between
first pod height and plant height with plant density.
Similarly, Kuzbakov et al. (2022) reported a strong
correlation (r=0.83-0.89) between the height of the first
pod and plant height. A study conducted in Pakistan
to determine the suitability of 36 lentil genotypes for
mechanized harvesting showed a negative relationship
between yield and the minimum pod height, and a
highly significant correlation between the minimum
pod height and plant height (Jawad et al., 2019). Plant
height and first pod height are also affected by abiotic
stress factors such as drought and high temperatures, as
well as diseases, leading to a decrease in height (S6zen
and Karadavut, 2017; Parihar et al., 2020; Pratap et
al., 2021). Indeed, in the 2021/22 growing season,
plant height was greater in both autumn and summer
crops compared to the 2020/21 season. This is because
rainfall in April and May, which are crucial months
for cultivation, was higher than in the previous year.

A study indicated that early-flowering lentil
genotypes yielded higher harvests, while late-flowering
genotypes grew taller (Buekert et al., 2020). In our
study, the number of days to 50% flowering ranged
from 65-75 days for summer varieties and 195-199
days for autumn varieties. In summer varieties, the
early-flowering varieties Meyveci 2001 and Sultan 1,
with 65 days of flowering, had plant heights of 27.6 and
27 cm, respectively. The late-flowering varieties were
Richlea and Larid, with 75 days of flowering. However,
in terms of yield, the early-flowering varieties Meyveci
and Sultan 1 yielded 160.5 kg/da and 155.9 kg/da,
respectively; while the late-flowering varieties Richlea
yielded 144.7 kg/da and Larid yielded 134.1 kg/da.
Although many studies indicate that preferring to
Sow in autumn over summer results in at least a 50%
increase in yield (Andrews, 1987; Sakar et al., 1988;

Aydogan et al., 2004), in our study, the yield recorded
from summer-sowing genotypes was 36.8 kg/da higher
than that obtained from autumn-sowing. This difference
is attributed to bird damage observed under autumn
sowing conditions.

In conclusion, it has been observed that factors
affecting plant height in lentils are influenced by both
the growing season and the genotype. Accordingly,
the study recommend that in lentil breeding studies,
selection should be based on to prioritize on medium-
late maturing genotypes rather than very early or
very late varieties to achieve optimal plant height
development.
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Harvest by combine

Figure 1. Harvesting methods of lentil cultivation.
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Supplementary analysis
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Figure 4. Plant height (cm) by year, growing season, and cultivars.
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Figure 5. Variation in plant height and first pod height (cm) across growing seasons and years.

© Plant Breeders Union of Turkey (BISAB)




124

Table 1. Statistical analysis for plant height (cm) in Autumn sowing.

Cultivars 2020/21 2021/22  Mean of years for plant height
Firat 87 25a 25 249 a
Sakar 24 ab 25 24,4 ab
Cagil 23 abc 25 23,9 ab
Ciftei 22 be 24 22,9 abc
Sanlibey 20 cd 25 22,5 be
Tigris 22 be 23 22,3 be
Evirgen 18d 24 21,1c¢
Mean 22 24 23,1
(Year) 18.10"
F(Cultivar) 6.427" 0,352ns 3.12"
F(Year*Cultivar) 2.44°
CV (%) 4.277 4,98 4,66
LSD 0,3 0,36 0,23

1< %5; **: <%1, ns: not significant

Table 2. Statistical analysis for plant height (cm) in summer planting.

Cultivars Years Mean of Years for Plant Height
2020/21 2021/22
Meyveci 2001 23 ¢ 32,3b 27,6 b
Giimrah 26 be 31,0b 28,5b
Karagiil 24,5 be 30,0b 27,3 b
Bozok 25,8 be 32,5b 29,1b
Sultan-1 220c¢ 32,0b 27,0b
Richlea 30,3 ab 40,0 a 35,1a
Laird 335a 39,5a 36,5 a
Mean 26 33,9 30,2
F e 52,95
F cutivar 4,42 4,565™ 8,13"
(Year*Cultivar) 0,75ns
CV (%) 7,42 4,98 6,47
LSD 0,56 0,48 0,36

1< %5; **: <%1, ns: not significant

Table 3. Correlation between plant height and selected traits.

Traits Days to 50% Maturity Thousand Yield First pod Plant height
Flowering  duration (days) grain weight height (cm) (cm)

Days to 50% flowering 0.965** —0.552%%* 0.320% 0.112 0.463**
Maturity duration (days) —0.481** 0.348** 0.060 0.466**
Thousand grain weight —0.003 —0.038 —0.067
Yield 0.192 0.533**
First pod height (cm) 0.402**
Plant height (cm)

©p>0,01
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Table 4. Combined analysis of yield values autumn- and summer-sown trials.

Autumn Sown

Summer Sown

Cultivars Yield (kg/da) Cultivars Yield (kg/da)
Ciftei 169 a Karagiil 179,8 a
Sakar 136,5b Meyveci 2001 160,5 ab
Cagil 133,6 b Bozok 158,9 ab
Firat 87 113,5b Sultan 1 155,9 ab
Tigris 81,1 ¢ Richlea 1448 b
Sanlibey 79,9 ¢ Gilimrah 138,4b
Evirgen 70,4 c Laird 134,1b
Mean 112,0 153,2
F (Cultivar) 14,773%** 4,565™ ns

F (Year) 12,506%** 46,38™
LSD (Cultivar) 27,32 4,98 34,779
CV (%) 24,05 0,48 22,39

1< %5; **: <%1, ns: not significant
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ABSTRACT

This study aimed to evaluate the agronomic characteristics and cold tolerance of 18 wheat genotypes (11 advanced lines
and 7 standard cultivars) under different ecological conditions of Eastern Anatolia. Field experiments were conducted
during the 2021-2022 growing season in four locations (Erzurum-Aziziye, Erzurum-Pasinler, Erzincan, and Mus) using a
randomized complete block design with three replications. Agronomic traits such as grain yield, protein content, thousand
grain weight, and hectoliter weight were measured. Cold tolerance was tested under controlled conditions at -15, -17, and
-19 °C. The results revealed significant (P< 0.01) genotypic differences for all parameters. The average survival rates were
67.07%, 54.74%, and 38.08% at -15, -17, and -19 °C, respectively, indicating a clear decline with decreasing temperature.
Among the genotypes, Parla and genotype 10 displayed the highest cold tolerance, while Esperia and Palanddken 97
exhibited superior protein and hectoliter weights. Lines 1 and 5 are thought to be suitable candidates for registration due
to their high yield and large grains. PCA separated the genotypes based on yield, quality, and cold response, showing
that the traits are largely independent. These results indicate a wide genetic variation for cold tolerance and quality traits
among the tested materials, suggesting that genotypes such as Parla and Palandéken 97 could serve as valuable parents in
breeding programs targeting cold tolerance and yield stability in harsh winter conditions.

Keywords: Wheat, cold tolerance, grain yield, protein content, thousand grain weight, genotype x environment interaction,
principal component analysis (PCA)

Introduction known to adversely affect wheat development, survival,

The sustainability of global cereal production
depends on the adaptation of genotypes to
environmental stress conditions for yield and quality.
Particularly in major crops such as wheat, not only
agronomic traits like grain yield but also quality
components such as protein content, hectolitre weight,
and thousand-grain weight have gained increasing
importance (Han et al., 2014). Different genotypes
may variably perform for quality traits under the
same growing conditions. Moreover, exposure to
low-temperature stresses such as frost and freezing is

and grain formation. For example, based on the LT,
criterion used in frost tolerance assessment, genotypic
differences were observed, and this trait was found to
be associated with thousand-grain weight (Dumlu et
al., 2025). In this context, elucidating the relationships
between quality, yield characteristics, and cold
tolerance is critical for genotype selection, especially
in high-altitude or extremely cold environments. In
this study, 18 genotypes were evaluated across four
different locations (Aziziye, Erzincan, Mus, and
Pasinler), and for each genotype, yield, thousand-
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grain weight, hectolitre weight, protein content, and
cold tolerance test results were analysed. Thus, the
aim was to compare the genotypes not only in terms
of yield potential but also regarding their quality and
cold adaptation capacities.

Materials and Methods

Plant Material and Experimental Design

In this study, eighteen wheat genotypes, 11
advanced lines and 7 standard cultivars (Ayyildiz,
Alturna, Alparslan, Dogu 88, Esperia, Palanddken 97,
and Parla), were used as genetic material. The trials
were conducted in the 2021-2022 growing season
at four locations representing different altitudes and
climates. Experiments followed a randomised complete
block design (RCBD) with three replications to
minimise environmental variation. The research was
conducted on 7,2 square meter plots for two years
during the 2021-2022 growing seasons. In both years,
wheat was sown as a winter crop using a seed drill on
October 15th. Diammonium phosphate and nitro power
(26%) were used as fertilizers in the experiments. All of
the phosphorus fertilizer was applied with sowing, half
of the nitrogen fertilizer immediately after sowing, and
the remaining half during the stem elongation period,
at a rate of 6 kg N and 6 kg P,O, per decare.

Data Collection

Grain yield per decare (kg/da), protein content
(%), hectoliter weight (kg hLL™!), and thousand-grain
weight (g) were measured. Cold tolerance tests were
conducted under controlled environmental conditions.
The experiment involved applying three different low
temperature treatments to the plants: -15, -17, and
-19°C (Dumlu et al., 2025). After completing the cold
treatments in a climate chamber and cold room, the
pots were transferred to a greenhouse environment. To
determine the effects of low temperature treatments on
plant viability, the plants were grown in the greenhouse
for three weeks. At the end of this period, the number
of surviving plants was recorded (Figure 2).

Statistical Analysis

Data were analyzed using analysis of variance
(JMP 7). Differences among genotypes averages for
the traits were tested by the LSD method at the 1%
level. Principal Component Analysis (PCA) was used
to identify associations among traits and to group
genotypes according to their performance.

Results and Discussion

The results of this study demonstrate that cold
stress has a strong impact on survival and yield-related
traits. The superior performance of Parla and Alturna
under cold conditions suggests the presence of effective

physiological and molecular mechanisms, such as
the activation of the CBF/COR gene family, which
enhances freezing tolerance (Dhillon et al., 2013; Knox
etal., 2010).

The wide variation among genotypes agrees with
findings from Fowler and Gusta (1979), who reported
LTso values ranging from -18°C to -24°C among winter
wheat cultivars. The PCA results further confirmed that
cold tolerance and yield traits are controlled by distinct
but complementary mechanisms.

A- Yield Performance Across Locations

The grain yields of the 18 wheat genotypes across
the experimental locations are presented in Table
1. Analysis of variance revealed highly significant
differences (P < 0.01) among locations and in the
combined dataset for grain yield. The mean yield at
the Aziziye was 674.4 kg da™!, with the highest yield
obtained from line 4 (761.1 kg da™') and the lowest
from the cultivar Palandoken 97 (530.6 kg da™!). These
findings indicate clear differences among genotypes
and suggest that certain lines are better adapted to
the environmental conditions of Aziziye. Similar
observations have been reported in previous studies,
where genotypes exhibited differential yield responses
within the same environment (Oztiirk et al., 2021).
In Erzincan, the mean yield was 630.8 kg da™'. The
highest yield was recorded for genotype 1 (698.4 kg
da™), while the lowest was obtained from the cultivar
Dogu 88 (556.7 kg da™"). Compared with Aziziye, yield
levels in Erzincan were slightly lower and varied within
a narrower range. This pattern reflects a genotype x
environment interaction, which is frequently used to
explain yield variability among environments (Kara
et al., 2018). At the Mus location, the mean yield
was 380.6 kg da™!, with the highest yield recorded
for Palandoken 97 (474.6 kg da™!) and the lowest for
genotype 1 (263.4 kg da™). The relatively low mean
yield indicates that the environmental conditions of
Mus were more limiting and less favourable for wheat
production. Consistent with this, several studies have
reported wider yield gaps among genotypes under
environmentally constrained conditions (Yilmaz et
al., 2024). In Pasinler, the average yield was 515,3
kg da'. The highest yield was obtained from the
Alturna genotype (652,8 kg da™'), and the lowest from
genotype 6 (461.1 kg da™"). This location provided an
intermediate yield environment, allowing for a balanced
expression of genotypic variation. Similar findings have
been reported by Demir, (2000), who observed that
moderate environments tend to reduce extreme yield
differences among genotypes. Across all locations,
the overall mean yield was 543,5 kg da™'. Aziziye
and Erzincan emerged as high-yielding sites, Mus
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represented a low-yielding environment, and Pasinler
occupied an intermediate position (Table 1). These
results confirm the strong influence of genotype x
environment interaction and demonstrate that genotype
performance is environment-dependent. Hence, it
is unrealistic to expect high-yielding genotypes to
perform uniformly across diverse growing conditions
(Kara et al., 2018; Yilmaz et al., 2024).

B- Protein Content and

Genotype x Environment Interactions

The grain protein contents of the 18 wheat
genotypes determined across four different locations are
presented in Table 2. According to the variance analysis
results, the effects of locations and the combined
analysis were found to be highly significant (p <0.01)
for protein content. The mean protein content in the
Aziziye location was calculated as 13.17%. The highest
protein content was obtained from the genotype Dogu
88 (16.14%), while the lowest was recorded in genotype
8 (9.61%). This indicates clear differences among
genotypes, suggesting that certain genotypes adapted
more effectively to the environmental conditions of
Aziziye. Similarly, Oztiirk et al. (2021) reported that
different wheat genotypes exhibited variable protein
performance within the same location due to genotype
x environment (GXE) interactions. In Erzincan, the
average protein content was found to be 13.33%. The
highest value was again observed in Dogu 88 (16.39%),
while the lowest was in genotype 8 (9.77%). These
results indicate that protein levels in Erzincan were
slightly higher than in Aziziye, although the variation
among genotypes followed a similar trend. Kara et al.
(2018) emphasised that environmental factors such
as soil structure and temperature exert a considerable
influence on protein synthesis, and that differences
among genotypes are shaped by these environmental
effects. In the Mus location, the mean protein content
was determined as 12.12%. The highest protein
percentage was once again obtained from Dogu 88
(14.85%), while the lowest was found in genotype
8 (8.84%). The lower mean protein value in Mus
suggests that the region’s environmental conditions-
particularly temperature fluctuations and limited soil
nitrogen availability-restricted protein accumulation.
In line with this, Yilmaz et al. (2024) reported that
under environments with low yield potential, greater
variations in protein content tend to occur among
genotypes. In Pasinler, the mean protein content was
measured as 12.65%, with the highest value recorded
in Dogu 88 (15.49%) and the lowest in genotype
8 (9.23%). This location represented a moderately
favourable environment, enabling distinct yet balanced
differences among genotypes. Demir, (2000) similarly
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noted that in environments with moderate productivity,
genotypic differences tend to be more homogeneous
and less extreme. When all locations were combined,
the overall mean protein content was calculated as
12.83%. The genotype Dogu 88 had the highest mean
value (15.74%), while genotype 8 exhibited the lowest
(9.37%). These findings clearly demonstrate that the
GxE interaction significantly influenced grain protein
content. Aziziye and Erzincan were identified as high-
protein environments, Mus as a low-protein site, and
Pasinler as an intermediate environment. Generally,
the fact that high-protein genotypes (such as Dogu
88 and Esperia) did not show consistent performance
across all environments indicates that genetic potential
interacts dynamically with environmental conditions.
Consistent with the literature, it is well established that
protein content in wheat is determined by both genetic
and environmental factors. In particular, nitrogen
availability, temperature, and rainfall play a major
role in determining protein accumulation (Kara et al.,
2018; Yilmaz et al., 2024; Demir, 2000). Therefore,
in breeding programmes aimed at achieving higher
protein content, not only genotype selection but also
the specific environmental characteristics of each
location must be carefully considered (Table 2). This
result confirms the generally negative relationship
between protein content and yield, which tends to be
strengthened under variable environmental conditions
(Triboi et al., 2003; Hernandez et al., 2018).

C- Hectolitre Weight and

Genotype x Environment Interaction

The hectolitre weight (HLW) values of the 18
wheat genotypes evaluated across four different
locations revealed that the genotypes responded
differently to environmental conditions, indicating a
significant genotype x environment (GXE) interaction
effect. According to the variance analysis results,
differences among locations and the combined analysis
were statistically highly significant (p < 0.01) for
hectolitre weight. In the Aziziye location, the mean
HLW was determined as 79.59 kg hl™, with the highest
value recorded in genotype 1 (85.4 kg hl™") and the
lowest in genotype 11 (74.6 kg hl™?). In Erzincan, the
average HLW was slightly higher (80.44 kg hl™"), where
the highest value was observed in Esperia (85.72 kg
hl™") and the lowest again in genotype 11 (75.24 kg hl™).
The Pasinler and Mus locations exhibited lower mean
HLW values compared with the other environments.
The average HLW in Pasinler was 76.41 kg hl™’,
whereas in Mus it was 73.25 kg hl™!. These values
are considerably lower than those obtained in Aziziye
and Erzincan. In Mus, the highest HLW was obtained
from genotype 1 (78.57 kg hl™"), while the lowest was
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found in genotype 10 (65.5 kg hl™"). In Pasinler, the
highest value was again recorded in genotype 1 (81.98
kg hl™"), and the lowest in genotype 10 (68.35 kg hl™).
These findings demonstrate that genotypes, particularly
under Mus and Pasinler conditions, experienced notable
reductions in grain density and filling capacity. This
can largely be attributed to the climatic characteristics
of these regions, such as lower temperatures, shorter
and cooler vegetation periods, or suboptimal grain
filling conditions associated with low radiation and
high humidity. Evers and Millar (2002) reported that
grain filling and endosperm density are closely related
to environmental stress, while Williams et al. (2008)
found that hectolitre weight may vary by up to 10%
depending on temperature and water stress. Similarly,
Hernandez et al., (2018) and Sharma et al. (2020)
observed that low temperature, high humidity, and
shortened grain-filling duration negatively affected
HLW in wheat genotypes grown under different
climatic regions. In the combined analysis, the mean
HLW across all locations was calculated as 77.47 kg
hl™'. The highest average value was obtained from
genotype 1 (82.74 kg hl™'), and the lowest from
genotype 10 (71.96 kg hl™"). These results indicate
that some genotypes exhibit more stable performance
under varying environmental conditions. Finlay and
Wilkinson (1963) and Yan and Kang (2002) emphasised
that genotypes with high mean performance and low
environmental sensitivity in multi-environment trials
tend to possess broad adaptation ability. In this context,
genotype 1 and Esperia can be considered promising
materials with broad environmental adaptability and
stable performance in terms of hectolitre weight,
whereas genotypes 10, 11, and 8, which consistently
exhibited lower HLW values, appear to be more
susceptible to environmental stress. These findings
are consistent with those reported by Peterson et al.
(1992), confirming that hectolitre weight is determined
by the combined effects of both genetic structure and
environmental factors (Table 3).

D- Thousand Grain Weight and

Genotype x Environment Interaction

The thousand grain weight (TGW) values of the
18 wheat genotypes evaluated across four different
locations revealed significant differences both among
genotypes and between environments. According to the
results of the variance analysis, the effects of location
and the combined analysis were found to be highly
significant (p < 0.01) for thousand grain weight. In the
Aziziye location, the mean TGW was determined as
34.98 g, with the highest value recorded in genotype
1 (41.21 g) and the lowest in genotype 4 (29.35 g). In
Erzincan, the average TGW was calculated as 35.57

g; genotype 5 exhibited the highest value (44.91 g),
while genotype 4 showed the lowest (29.64 g). In the
Mus and Pasinler locations, mean TGW values were
31.83 gand 33.59 g, respectively. These comparatively
lower values, particularly in Mus, can be attributed to
the adverse effects of low temperatures and the shorter
growing season during the grain-filling stage. Similarly,
Liu et al. (2016) and Kumar et al. (2019) reported
that thousand grain weight in wheat is negatively
affected by environmental stresses, particularly low
temperature and drought conditions. Moreover, the
variation in genotype performance across locations
highlights the importance of genotype x environment
(GXE) interaction. Finlay and Wilkinson (1963) and
Yan and Kang (2002) emphasised that genotypes
showing high mean performance combined with low
environmental sensitivity in multi-environment trials
possess broad adaptation capacity. In line with this,
Oztiirk et al. (2021) and Kara et al. (2018) observed
that different wheat genotypes exhibited variable
TGW values within the same environment, resulting
from the interaction between genetic structure and
environmental factors. Similarly, Liu et al. (2016) and
Kumar et al. (2019) reported that grain weight in wheat
is adversely affected by low temperatures and water
stress. According to the combined analysis, the mean
TGW across all locations was calculated as 34.06 g.
The highest value was obtained from genotype 5 (40.03
g), while the lowest was recorded in genotype 4 (28.47
g). These findings confirm that both genetic potential
and environmental conditions play a determining role in
thousand grain weight, and that some genotypes possess
broad environmental adaptability (Table 4). This trait
is closely associated with grain density and plumpness
and is strongly influenced by environmental stress
factors (Evers and Millar, 2002; Williams et al., 2008).

E- Cold Tolerance and LTso Evaluation under

Controlled Conditions

In this controlled study, the winter hardiness levels
of advanced breeding lines and standard cultivars were
evaluated at -15, -17, and -19°C in three replications,
and significant differences among genotypes were
observed at all temperature levels (p <0.01). According
to the results, the mean survival rate was 67.07% at
-15°C, 54.74% at -17°C, and 38.08% at -19°C. This
indicates that as temperature decreases, the survival rate
of the genotypes declines, clearly defining the threshold
of cold tolerance. Based on LTso (the temperature
at which 50% of plants are killed), 15 genotypes
maintained more than 50% survival at -15°C, while at
-17°C, 13 genotypes exhibited survival above 50% and
five genotypes showed regeneration between 30-50%.
At -19°C, however, the average survival rate decreased
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to 38.08%. At this lowest temperature, significant
differences were detected among genotypes in terms
of survival rate: the highest survival was observed in
the cultivar Parla (63.33%) and genotype 10 (53.48%),
whereas the lowest survival was recorded in genotype
11 (17.22%). This finding suggests that Parla exhibits
superior cold tolerance by maintaining metabolic
activity and preserving cellular membrane integrity
under low temperatures. Such performance is consistent
with mechanisms reported in highly cold-tolerant winter
wheat cultivars, which are associated with strong cold
acclimation capacity and elevated expression of the
CBF/COR gene family (Dhillon et al., 2013; Knox et
al., 2010). Conversely, the low survival rate of genotype
11 (17.22%) can be attributed to membrane disruption,
osmotic imbalance, and insufficient synthesis of
protective proteins under cold stress. Similarly, Fowler
and Gusta (1979) reported that genotypes with lower
survival rates at sub-zero temperatures typically exhibit
higher LTso values, indicating weaker cold tolerance.
The results obtained at -19°C therefore demonstrate a
wide range of variation in winter hardiness among the
tested genotypes, highlighting that genotypes such as
Parla possess superior adaptation capacity to extremely
low temperatures and could serve as valuable genetic
material in future breeding programmes for winter-
hardy wheat. These findings are in agreement with
previously reported LTso values - for instance, -24°C
in the cultivar Norstar (Fowler and Gusta, 1979) - and
confirm that there is broad genetic variation in cold
tolerance among wheat genotypes. Similarly, Knox et
al., (2010) reported that LTso in winter wheats varies
between -18°C and -24°C depending on genotype,
acclimation duration, and CBF/COR gene expression.
Overall, this study demonstrates that most of the tested
genotypes possess moderate to high levels of winter
hardiness and show strong potential for local adaptation.
The significant genotypic differences observed further
indicate that these materials represent an important
genetic resource for breeding programmes aimed at
improving winter survival in wheat (Table 5).

The 3D scatter plot illustrates the survival rates of
18 wheat genotypes measured at -15, -17, and -19°C,
thereby visualising the differences in their levels of
cold tolerance. As observed, the survival rate of the
genotypes decreases with declining temperature,
clearly demonstrating the physiological impact of
cold stress on plant vitality. In particular, the cultivar
Parla, with a survival rate of 63.33%, and line 10, with
53.48%, exhibited superior performance under low-
temperature conditions, indicating a strong capacity
for cold acclimation. This observation aligns with
previous findings in the literature, where enhanced
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cold tolerance in winter wheat has been associated with
increased expression of CBF (C-repeat Binding Factor)
and COR (Cold Regulated) gene families (Dhillon et
al., 2013; Knox et al., 2010). Conversely, genotype
11, which recorded a low survival rate of 17.22%,
likely suffered from an inability to maintain cell
membrane integrity, low membrane lipid saturation,
and inadequate antifreeze protein synthesis. Fowler
and Gusta (1979) similarly reported that genotypes
exhibiting low survival rates under freezing stress tend
to have higher LTso values, indicating weaker cold
tolerance. The findings of this study are consistent
with LTso values previously reported in the literature-
for example, -24°C in the cultivar Norstar (Fowler
and Gusta, 1979), thereby confirming the presence
of wide genetic variation in cold tolerance among the
tested genotypes. Consequently, genotypes such as
Parla and line 10, which maintain high survival rates
under extremely low temperatures, can be considered
valuable genetic materials for advanced breeding
programmes targeting improved winter hardiness in
wheat (Figure 1).

F-Principal Component Analysis (PCA) of

Yield, Quality, and Cold Tolerance Traits

A Principal Component Analysis (PCA) was
conducted to examine the multivariate relationships
between yield and quality traits (hectolitre weight,
thousand grain weight, and protein content) and
the cold tolerance values determined at different
temperature levels (-15, -17, and -19°C). The first
two principal components explained the majority of
the total variance, indicating that the variables were
effectively summarised within a two-dimensional plane
(Figure 3). According to the PCA biplot, hectolitre
weight and thousand grain weight were positioned
in the same region-specifically in the upper-right
quadrant-indicating a strong and positive association
between these two traits. This finding suggests that
genotypes with larger and denser grains tend to have
higher hectolitre weights. In contrast, protein content
was located in the opposite direction of the first
principal component, revealing a negative relationship
between this trait and the yield-related variables. This
observation aligns with previous studies reporting a
general inverse correlation between protein content and
grain yield in wheat (Triboi et al., 2003; Hernandez et
al., 2018). The cold tolerance variables (-15, -17, and
-19°C) clustered together in the lower-right quadrant,
indicating that they were positively correlated with
each other but weakly associated with yield and quality
traits. Among these, the -19°C variable most clearly
distinguished genotypes in terms of cold tolerance.
Similarly, studies by Dhillon et al. (2013) have shown
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that, under extreme low-temperature conditions, the
physiological mechanisms determining genotype
selection are largely independent of yield components.
Overall, the PCA results demonstrated that quality-
related traits (hectolitre weight and protein content)
and stress-tolerance traits (cold tolerance) were clearly
separated, suggesting that these two groups of traits
are controlled by distinct genetic and physiological
mechanisms. This finding emphasises the importance
of simultaneously evaluating yield stability and cold
adaptation in breeding programmes conducted in high-
altitude regions with a high risk of frost.

G - Cluster Analysis Based on Yield, Quality,

and Cold Tolerance Traits

According to the heatmap, the combined analysis
results illustrate the clustering of 18 wheat genotypes
based on yield, protein content, thousand grain
weight, hectolitre weight, and cold tolerance traits
under different low-temperature conditions (-15, -17,
and -19°C). In the colour scale, red tones represent
higher values, while green tones indicate lower ones.
Overall, varieties such as Esperia and Palanddken 97
stood out in certain quality parameters-particularly in
protein content and hectolitre weight-whereas Alturna
and several breeding lines (notably lines 4, 5, and 6)
exhibited higher grain yield and thousand grain weight.
In the cold tolerance tests, lines showing greener tones
at-17 and -19°C (lines 3, 4, 5, and 6) were identified
as being more resistant to low temperatures. This
observation supports the potential genetic trade-off
between cold tolerance and high yield or grain weight
reported in the literature (Li et al., 2018). Moreover, a
generally negative correlation between protein content
and yield-commonly described in wheat (Triboi et
al., 2003)-was also evident here, as high-protein
genotypes (Esperia and Palandoken 97) tended to
show comparatively lower yields. Thus, the clustering
pattern in the heatmap indicates that the genotypes
can be grouped into genetically distinct subclusters
based on their cold tolerance and quality characteristics.
These differences could be effectively exploited in
breeding programmes aimed at optimising both yield
performance and environmental adaptation potential
(Figure 4).

H- Venn diagram illustrating the overlap of

wheat genotypes across four key traits

The Venn diagram illustrates the comparative
distribution of 11 advanced wheat lines and 7 standard
cultivars (Alparslan, Alturna, Ayyildiz, Dogu 88,
Esperia, Palandoken 97, and Parla) based on protein
content, cold tolerance (-19°C), grain yield, and
hectolitre weight, according to the combined analysis
results. The analysis revealed that the cultivar Alparslan

was located in the overlapping region of both the
protein and cold tolerance categories, indicating a
genetic advantage combining high protein potential
with tolerance to low temperatures. Similarly, line
1, which intersected with the cultivar Ayyildiz in the
same region, exhibited a comparable combination of
high protein content and cold tolerance. Esperia was
positioned at the intersection of the yield and hectolitre
weight groups, together with line 5, suggesting that
these two genotypes stand out with their high grain
plumpness and yield potential. This indicates that
Esperia and line 5 could serve as valuable parental
materials in breeding programmes targeting both
physiological resilience and agronomic productivity.
Likewise, line 8, together with the cultivar Parla, was
positioned exclusively within the hectolitre weight
region, highlighting their superiority in terms of grain
density and quality attributes. The absence of triple
or quadruple intersections suggests that these traits
are largely independent, being controlled by distinct
genetic mechanisms. In agreement with previous
reports indicating weak correlations between yield,
protein content, and cold tolerance in wheat (Kurt et
al., 2022; Tadesse et al., 2019), the present findings
demonstrate that some advanced lines share close
trait similarities with specific standard cultivars. In
particular, the Ayyildiz-Line 1, Esperia-Line 5, and
Parla-Line 8 pairings emerge as promising candidates
for future breeding programmes aimed at developing
cold-tolerant, high-yielding, and high-quality wheat
genotypes, and could therefore be prioritised as
potential parental genitors in hybridisation efforts
(Figure 5).

The results indicated highly significant (p < 0.01)
genotypic differences for all traits. Parla and Alturna
displayed superior cold tolerance and yield stability
across environments, while Esperia and Palanddken 97
exhibited high protein and hectoliter values. The mean
survival rate declined with decreasing temperature, with
67.07% at -15°C, 54.74% at -17°C, and 38.08% at -1°C.

At -19°C, Parla had the highest survival rate
(63.33%), followed by genotype 10 (53.48%), whereas
genotype 11 had the lowest (17.22%). This pattern
indicates wide variation in cold tolerance among
genotypes. The correlation matrix showed that yield
and cold tolerance were positively related, while
protein content was relatively independent of yield
performance.

Conclusions

In this study, eighteen wheat genotypes (11
advanced breeding lines and 7 standard cultivars) were
evaluated across four different locations (Aziziye,
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Erzincan, Mus, and Pasinler) in terms of yield, quality,
and cold tolerance characteristics. The findings
revealed significant variation among genotypes and
demonstrated that environmental conditions exerted
a strong influence on these traits. In terms of grain
yield, the Aziziye (674.4 kg da™') and Erzincan
(630.8 kg da™") locations were the most productive.
The highest yield was obtained from line 4 (761.1 kg
da™'), while the lowest was recorded for the cultivar
Palandoken 97 (530.6 kg da™'). Regarding protein
content, the cultivars Dogu 88 and Esperia stood out,
with an overall mean of 12.83%. The highest protein
content (15.74%) was observed in Dogu 88, while the
lowest (9.37%) was recorded in line 8. For hectolitre
weight, line 1 (82.74 kg hl™") and the cultivar Esperia
(82.66 kg hl™") exhibited the highest values, whereas
line 10 recorded the lowest. The thousand grain weight
(TGW) was highest in line 5 (40.03 g) and line 1
(39.82 g). These genotypes, with their larger kernels,
reflected high yield potential and stable performance
under stress conditions. In cold tolerance tests, the
mean survival rates were 67.07% at -15°C, 54.74%
at-17°C, and 38.08% at -19°C. The highest survival
rate was observed in the cultivar Parla (63.33%),
whereas the lowest was found in line 11 (17.22%).
This demonstrates that Parla possesses a superior cold
acclimation capacity.

The PCA biplot analysis revealed a clear
structural variation among the examined wheat
genotypes. The first two principal components
together explained 70.4% of the total variance,
indicating that the agronomic and physiological
traits analysed effectively captured the genotypic
differences. The PC1 axis primarily demonstrated
an inverse relationship between yield and the cold
tolerance levels (-15°C, -17°C, -19°C). This finding
indicates that high-yielding genotypes tended to
be more sensitive to low temperatures, whereas
lower-yielding genotypes exhibited greater cold
tolerance. This is consistent with previous studies
reporting increased stress sensitivity in high-yielding
genotypes (Poudel et al., 2020; Ding et al., 2020).
On the PC2 axis, protein content and hectolitre
weight showed positive loadings, forming the main
component for distinguishing quality-related traits.
The cold tolerance variables were positioned in the
same direction, confirming their high correlation and
indicating that genotypes responded similarly to low-
temperature stress. In the PCA biplot, Parla, line 1,
and Palanddken 97 clustered within the cold-tolerant
group, whereas lines 2, 4, and 11 were grouped as
high-yielding but cold-sensitive genotypes. These
results highlight PCA as an effective tool for
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evaluating adaptation and stress tolerance across
different environments. The findings suggest that
the use of cold-tolerant genotypes as parents in
breeding programmes could enhance yield stability
in winter wheat cultivation. Conversely, high-
yielding but less tolerant genotypes could be better
utilised in mild-climate production systems. Future
integration of PCA results with genomic selection
and marker-assisted breeding data is expected to
facilitate more accurate and durable genetic gains
for stress tolerance. The results obtained from this
study provide important insights for advanced
wheat breeding programmes: Parla, line 10, and
Palanddken 97 can be considered as winter-hardy
parental materials due to their combination of high
cold tolerance and moderate-to-high yield potential.
Dogu 88 and Esperia, with their high protein content
and hectolitre weights, are promising for quality-
oriented breeding. Lines 1 and 5, with high yield
and large grain size, are strong candidates for
varietal registration. According to the PCA findings,
selecting genotypes that balance yield, quality, and
cold tolerance will provide more efficient genetic
progress. The results offer valuable phenotypic
foundations for application in marker-assisted and
genomic selection strategies (Figure 6).

This study revealed substantial genetic diversity
at both agronomic and physiological levels and
identified promising genotypes combining high
yield potential with strong winter hardiness and grain
quality traits. The findings provide a solid scientific
basis for the development of cold-tolerant, high-
quality, and stable-yielding wheat cultivars adapted
to the Eastern Anatolia region. The combined use of
field performance data, cold tolerance tests and PCA
analysis enabled a comprehensive evaluation of wheat
genotypes under contrasting ecological conditions.
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Figure 1. 3D scatter plot of cold tolerance degrees.

Figure 2. Climate cabin and greenhouse images from
cold resistance studies.
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Figure 3. Multivariate Evaluation of Genotypic Relationships
(PCA) chart.
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Table 1. Yield performance of genotypes by location.

Genotype Aziziye Erzincan Mus Pasinler Combined
11 716,7 a-c 677,8 ab 4724 a 573,6 be 610,1 a
4 761,1 a 672,0 a-c 390,9 b-e 5294 c-e 588,3 ab
Alturna 752,2 ab 6389 c-¢ 304,5 fg 6528 a 587,1 ab
Parla 711,9 a-d 637,7 de 425,0 a-d 540,0 b-d 578,7 be
2 696,1 b-e 683,1 ab 3324 e-g 525,0 c-¢ 559,2 cd
Ayyildiz 6453 e-g 658,3 b-e 328,8 e-g 594,2 ab 556,6 c-¢
1 658,9 d-g 698,4 a 2634 ¢ 571,7 be 548,1 d-f
3 632,5 fg 666,4 a-d 324,0 e-g 543,9 b-d 541,7 d-g
6 6442 e-g 602,3 fg 4382 a-c 461,1 f-h 536,5 d-h
Alparslan 605,6 g-1 638,0 de 360,7 d-f 529.4 c-¢ 533,4 d-h
10 558,11 5972 ¢ 450,7 a-c 5144 c-f 530,1 e-h
Esperia 6872 c-f 663,0 b-e 276,6 g 479,7 e-h 526,6 f-h
Dogu 88 572,8 h-j 556,7 h 4529 ab 508,9 d-f 522,8 -1
9 631,9 fg 629,9 e-g 380,9 c-e 441,4 gh 521,0 -1
5 615,8 gh 560,9 h 406,6 a-d 493,9 d-g 519,3 g-1
8 608,9 g-1 633,3 d-f 381,3 c-e 431,7h 513,8 i
7 622,8 gh 599,5 fg 386,4 b-e 440,8 gh 512,4 i
Palandoken 97 530,6 j 541,7h 474,6 a 4433 gh 497,51
Mean 6744 A 630,38 B 380,6 D 5153 C 543,5
Cv 5,0 4,2 11,0 7,3 6,0
F Value 10,24%* 15,14%* 7,04%%* 8,29%* 8,67**
LSD 51,3 33,8 70,6 59,9 55,3
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Table 2. Protein ratios of genotypes by locations (%).

Genotype Aziziye Erzincan Mus Pasinler Combined
Dogu 88 16,14 a 16,39 a 14,85a 15,49a 15,74a
Esperia 15,94 b 16,19 a 14,66b 15,3b 15,54b
5 15,19 ¢ 14,89 be 13,97¢ 14,58¢ 14,61c
Ayyildiz 14,74 d 14,97 b 13,56d 14,15d 14,37d
Palanddken 97 14,32 ¢ 14,55 cd 13,17¢ 13,75e 13,96¢
1 13,98 f 14,89 be 12,86f 13,42f 13,94ef
Parla 14,29 ¢ 14,52 cd 13,15¢ 13,72e 13,94ef
Alturna 14,24 ¢ 14,46 d 13,1e 13,67¢ 13,88f
10 14,21 ¢ 13,48 £ 13,07¢ 13,64e 13,54g
Alparslan 13,78 g 14,00 e 12,68¢g 13,23¢g 13,44h
4 12,47 h 12,64 g 11,47h 11,97h 12,161
2 12,051 12,22 h 11,091 11,571 11,75j
3 11,86 j 12,03 h 10,91j 11,39j 11,57k
7 11,27k 11,441 10,37k 10,82k 10,991
11 11,25k 11,441 10,35k 10,8k 10,971
6 10,98 1 11,151 10,11 10,541 10,71m
9 10,80 m 10,97 j 9,94m 10,37m 10,53n
8 9,61 n 9,77k 8,84n 9,23n 9,370
Mean 13,17 B 13,33 A 12,12 D 12,65 C 12,83
cv 6,0 10,2 6,1 5,0 7,0

F Value 1168,2** 214,5%* 1214,9%* 1210,7%* 19,5%**
LSD 0,14 0,35 0,14 0,15 0,14

Table 3. Hectolitre weight of genotypes by location.

Genotype Aziziye Erzincan Mus Pasinler Combined
1 85,4 a 85,15a 78,57 a 81,98 a 82,74 a
Esperia 85,0b 85,72 a 78,20 b 81,60 b 82,66 a
5 83,6 ¢ 81,21 b-d 76,91 c 80,26 ¢ 80,09 b
Alturna 81,2d 81,89 b 74,70 d 77,95d 78,97 ¢
Parla 81,2d 81,89 b 74,70 d 77,95d 78,97 ¢
Dogu 88 80,8 ¢ 81,49 be 74,34 ¢ 77,57 e 78,58 d
Paland6ken 97 80,3 f 80,98 b-¢ 73,88 f 77,09 £ 78,09 ¢
Alparslan 80,0 g 80,68 b-e 73,60 g 76,80 g 77,80 f
4 79,8 gh 80,33 b-e 73,42 gh 76,61 gh 77,61 g
9 79,6 h 80,13 b-e 73,23 h 76,42 h 77,41 h
3 79,31 79,83 c-f 72,96 1 76,131 77,121
Ayyildiz 79,21 79,87 b-f 72,861 76,03 1 77,021
7 78,9 79,43 d-f 72,59 j 75,74 76,73 j
2 78,7 79,24 ef 72,40 j 75,55 76,54 k
6 77,5k 78,04 fg 71,30 k 74,40 k 75,371
8 76,31 76,84 gh 70,201 73,251 74,20 m
11 74,6 m 75,24 h 68,63 m 71,62 m 72,55 n
10 712n 79,98 b-¢ 65,5n 68,35 n 71,96 o
Mean 79,59 B 80,44 A 73,25D 76,41 C 77,47
Ccv 3,0 15,2 3.3 4,0 3,1

F Value 1200,0%* 13,5%%* 1190,2** 1202,8%* 130,9**
LSD 0,26 1,89 0,24 0,26 0,33
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Table 4. Thousand grain weights of genotypes by location.

Genotype Aziziye Erzincan Mus Pasinler Combined

5 38,72 ¢ 44,91 a 3524 ¢ 37,17 ¢ 40,03 a

1 41,21 a 41,08 b 37,50 a 39,56 a 39,82 b

Palanddken 97 39,58 b 39,92 be 36,02 b 38,00 b 38,40 ¢

Parla 38,94 ¢ 39,27 b-d 3544 ¢ 37,38 ¢ 37,77d

Esperia 38,32d 38,65 cd 34,87d 36,79 d 37,17 ¢

10 37,82 ¢ 38,00 c-e 3442 ¢ 36,31 ¢ 36,64 f

Ayyildiz 37,46 f 37,78 de 34,09 f 35,96 £ 36,34 g

Alturna 3573 g 36,04 ef 3251¢g 3440 g 34,66 h

11 35,18 h 3548 f 32,01 h 33,77h 34,121

8 35,09 h 35,36 f 31,93 h 33,69h 34,041

9 34,301 34,57 fg 31,211 32,931 33,27

7 33,15j 33,43 gh 30,17 j 31,82 32,16 k

6 32,61k 32,89 g-1 29,68 k 31,31k 31,641

Dogu 88 31,521 31,80 h+ 28,681 30,261 30,58 m

2 31,06 m 31,351k 28,26 m 29,82 m 30,13 n

Alparslan 29,83 n 30,10 jk 27,15 n 28,64 n 28,94 o

3 29,78 n 30,07 jk 27,1 n 28,59 n 28,89 0

4 29,350 29,64 k 26,71 0 28,18 0 28,47 p

Mean 34,98 B 35,57 A 31,83 D 33,59 C 34,06

(O\Y 5,0 4,2 5,0 6,4 3,1

F Value 1196,35%* 40,21** 1210,30** 1190,10%* 101,52%**

LSD 0,30 1,96 0,26 0,29 0,33
Table 5. Cold Resistance Degrees of Genotypes (%).

Genotype -15 -17 -19

1 75,93 d 62,22 ¢ 50,72 ¢

2 40,00 n 3333k 17,411

3 41,67 m 44,441 21,11 h

4 46,671 36,67 j 17,411

5 58,891 61,55¢ 5147 c

6 71,48 f 58,89d 41,11 f

7 70,00 g 58,99d 41,11 f

8 53,70 45,191 20,37 h

9 76,67 d 54,17 31,48 ¢

10 85,93 b 58,52d 53,48b

11 50,53 k 49,05 h 17,221

Alparslan 86,30 b 58,52d 4333 ¢

Alturna 73,33 ¢ 51,85 ¢g 3222¢g

Ayyildiz 70,95 fg 55,56 ¢ 51,48 ¢

Dogu 88 90,00 a 65,93 b 46,67 d

Esperia 61,11 h 51,48 g 3222 ¢

Palanddken 97 71,90 f 65,56 b 53,33 b

Parla 8222 ¢ 7333 a 63,33 a

Mean 67,07 A 54,74 B 38,08 C

(Y 10,0 9,3 14,2

F value 1197,9%* 1194,8%* 1199,6**

LSD 1,28 0,83 1,22
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ABSTRACT

Squashes and pumpkins are important vegetable species belonging to the genus Cucurbita of the family Cucurbitaceae.
The genus Cucurbita (2n=40) comprises five cultivated species, the most economically important of which are Cucurbita
pepo L., C. maxima Duch., and C. moschata Duch. The doubled haploidization technique, which allows the rapid and
efficient obtaining of pure lines in variety breeding programs in many plant species, is also successfully applied in the
Cucurbita genus. The irradiated pollen technique yields successful results in all three squash species in obtaining haploid
plants. Successful applications have been made in projects conducted at our company to obtain haploid plants in squash.
However, it is not possible to propose a practical protocol for chromosome doubling in squash and obtaining doubled
haploid (DH) plants from haploid plants. Although the literature contains successful applications and reports of pure-line
seeds, the doubling step remains a key challenge in the production of pure lines in squash. For this purpose, studies were
conducted on chromosome doubling in haploid squash plants under in vitro and in vivo conditions. Concentration and
duration of colchicine applications were tested, and stomatal examinations revealed diploid plants. The most effective
method was determined to be a 3-hour application period using a 0.5% colchicine dose used in acclimated young haploid
seedlings at the 3-4 leaf stage. Plants grown from this treatment were self-pollinated to obtain pure-line seeds. However,
optimization studies on chromosome doubling in squash varieties are still needed.
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Introduction climates, whereas C. moschata thrives better in tropical

Squashes and pumpkins, belonging to the genus
Cucurbita of the Cucurbitaceae family, are among the
most important vegetable crops. Native to the Americas,
their domestication coincides with the beginnings of
settled agriculture. Among the five cultivated species,
Cucurbita pepo L., C. maxima Duch., and C. moschata
Duch. are the most economically significant (Whitaker
and Davis, 1962; Robinson and Decker-Walters, 1997).
C. pepo and C. maxima are generally adapted to temperate

and subtropical regions. Globally, squash is cultivated on
approximately 2 million hectares, producing around 27
million tons annually. China, India, and Russia are the
leading producers, while Tiirkiye ranks eighth with an
average annual production between 700,000 and 800,000
tons (Anonymous, 2025a). Approximately 14% of
Tiirkiye’s total squash production is allocated to foreign
trade, reflecting the crop’s considerable contribution to
the country’s agricultural exports (Anonymous, 2025b).

(§) This study was presented as an poster presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkiye, on December 1-5, 2025.
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The domestication of Cucurbita pepo, native to
Mexico and Central America, dates back approximately
10,000 years (Smith, 1997), and it is regarded as one
of the earliest cultivated crops of the New World (Nee,
1990). Historical evidence suggests that C. moschata
was domesticated around 3000 BC in Peru and 2000
BC in Guatemala (Smith, 2005), while C. maxima
originated along the Peruvian coast around 2000 BC
(Ferriol and Pic6, 2008). Cultivated Cucurbita species
subsequently spread to the Old World and became widely
grown after the 16" century (Paris, 1989). Although no
wild Cucurbita species are found in Tiirkiye, the genus
exhibits substantial genetic diversity within the region
(Balkaya and Karaagag, 2006). According to Harlan
(1951), Anatolia serves as a micro-center of diversity
for several Cucurbitaceae species, including C. melo
L., C. sativus L., C. moschata Duch., and C. pepo L.

Due to their monoecious floral structure, cucurbits
exhibit a high degree of cross-pollination, with rates
typically ranging from 60% to 80%, depending on
pollinator activity and the genetic background of the
population (Abbey, 2016). This high outcrossing rate
considerably prolongs the time required to achieve
homozygosity during the development of parental
inbred lines for F1 hybrid breeding. Even after several
generations of selfing, residual genetic segregation may
persist. While self-pollinated species usually reach
acceptable homozygosity within 4-6 generations, this
process may extend to 8-10 generations in cucurbits
(Kurtar et al., 2024). Kesici et al. (2000) carried out 11
successive generations of selfing to develop parental
lines for hybrid breeding in summer squash. While
inbreeding depression was not evident, the authors
noted a slight reduction in plant habit and fruit
size, which can complicate the characterization and
stabilization of desirable line traits.

Within plant tissue culture, the doubled haploid
(DH) approach, also known as gametic embryogenesis,
has become increasingly important in modern plant
breeding. It is particularly valuable for rapidly
developing high-performing hybrid varieties in both
field crops and vegetable seed production. The doubled
haploidization process significantly shortens the time
required for line purification—a critical step in F1
hybrid development that would otherwise necessitate
6-8 generations of selfing in highly outcrossing
species—reducing it to just 1-2 years. This method
not only conserves time, labor, and resources but
also accelerates the introduction of new varieties to
the market. Moreover, DH technology enables the
production of fully homozygous “pure lines,” which
cannot be achieved through conventional repeated
selfing (Kurtar et al., 2020).
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Several factors influence, and at times constrain,
the successful application of the DH technique in
plant breeding. Beyond the limitations encountered
during haploid plant production, a major challenge
lies in restoring fertility via chromosome doubling.
Achieving doubled haploid plants with a diploid
chromosome complement represents a crucial and
indispensable step in the process. Chromosome
doubling is carried out in haploid (n) plants, as
determined through stomatal observations and flow
cytometry analyses, either under in vitro or in vivo
conditions (Kurtar et al., 2024).

Colchicine is the most commonly employed
antimitotic agent for chromosome doubling in
cucurbits (Lim and Earle, 2009; Galazka and
Niemirowicz-Szczytt, 2013; Aslam et al., 2017).
Recent comprehensive reviews have highlighted
that chromosome doubling remains one of the major
bottlenecks in doubled haploid (DH) technology
and polyploid breeding, particularly in recalcitrant
vegetable species. Fomicheva et al. (2024) emphasized
that the success of chromosome doubling is strongly
influenced by species, genotype, developmental
stage, colchicine concentration, exposure time, and
application method, making it difficult to establish
a universal protocol. Focusing specifically on the
Cucurbitaceae family, Ermolaev et al. (2026) reported
that colchicine remains the principal antimitotic agent
for chromosome doubling in Cucurbita, Cucumis, and
Citrullus species, although alternative compounds such
as oryzalin and other dinitroaniline herbicides have also
been investigated. Nevertheless, chromosome doubling
efficiency is still highly variable, and the frequent
occurrence of mixoploid and chimeric plants indicates
that reliable, species-specific protocols are still lacking,
particularly in Cucurbita. Likewise, Singh et al. (2025)
concluded that although colchicine continues to be the
standard chemical for induced polyploidization because
of its effectiveness in disrupting spindle formation
during mitosis, alternative antimitotic agents, including
oryzalin, trifluralin, and amiprophos-methyl, may
improve chromosome doubling efficiency or reduce
phytotoxic effects in certain species. Collectively, these
recent studies demonstrate that further optimization of
chromosome doubling protocols remains essential for
efficient DH production in cucurbit breeding programs.

Various chromosome duplication strategies
have been developed, including immersion of entire
plantlets or nodal explants (Sari and Abak, 1996;
Caglar and Abak, 1997), treatments applied directly to
apical meristems (Nikolova and Niemirowicz-Szczytt,
1996), shoot tips (Yetisir and Sari, 2003; Solmaz et al.,
2011), as well as lateral shoots. These approaches have
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been widely adopted in cucurbit breeding programs
to induce doubled haploidy efficiently.

Despite considerable progress in haploid
production techniques, chromosome doubling remains
one of the least optimized steps in doubled haploid
(DH) technology for Cucurbita species. Most previous
studies have focused on haploid induction, whereas
practical and reproducible protocols for obtaining
fertile DH plants through chromosome doubling are
still limited. Therefore, the development of efficient
chromosome doubling strategies is essential for
accelerating DH-based breeding in cucurbit crops.
In the present study, haploid squash plants derived
from parthenogenetic embryos induced by irradiated
pollen of C. pepo, C. maxima, and C. moschata were
subjected to both in vitro and in vivo colchicine
treatments at different developmental stages. The
novelty of this study lies in the comparative evaluation
of chromosome doubling approaches under both in
vitro and in vivo conditions across economically
important Cucurbita species, with the aim of
identifying a practical protocol for obtaining fertile
doubled haploid plants.

Materials and Methods

The experiments were carried out at the Petektar
Seed R&D Center, which comprises a research
greenhouse and plant biotechnology laboratories located
in the Kursunlu district of Antalya. Plant materials
consisted of breeding lines and experimental genotypes
of Cucurbita pepo, C. maxima, and C. moschata
maintained in the breeding program of Petektar Seed
Co. For the in vitro doubled haploid (DH) experiments,
breeding lines from ongoing breeding projects were used.
These materials consisted of segregating Fs populations
selected based on desirable fruit characteristics and
cold tolerance. Haploid plants were obtained from
parthenogenetic embryos induced by irradiated pollen.

Obtaining haploid plants in Cucurbita spp.

Male flowers were collected one day before
anthesis and irradiated with 150 Gy using a Cobalt-60
gamma source (Baktemur et al., 2014). Pollen, although
generatively inactive, retained its germination capacity
and was used to pollinate female flowers isolated one
day earlier. Fruits were harvested at 3-4 weeks of age,
before reaching full maturity, following successful
pollination. The harvested fruits were dissected under
sterile conditions, and individual seeds were carefully
examined. Embryos excised aseptically were cultured
on nutrient media and successfully regenerated into
plants (Kurtar ve Seymen, 2021; Yigit et al., 2023).
Further details and results concerning this stage have
been previously described by Yapici et al. (2023).
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In vitro colchicine treatments and ploidy

estimation

Parthenogenetic embryos were directly cultured on
nutrient media supplemented with colchicine (Figure 1).
Three colchicine concentrations (0.3%, 0.5%, and
0.6%) were incorporated into MS (Murashige and
Skoog, 1962) media (MS salts and vitamins + 0.01
mg/LIAA + 0.01 mg/L GAs + 3% sucrose + 0.7% agar,
pH 5.8). Following autoclaving and placement in the
culture cabinet, colchicine was aseptically incorporated
into the nutrient media via filter sterilization. For
each treatment, 200 haploid embryos of C. pepo
were cultured. After germination and one month of
growth (Figure 1), the embryos were acclimatized and
successfully developed into healthy seedlings in the
incubation room during 21 days (Figure 2).

Chloroplast numbers in stomatal guard cells were
determined from leaf sections. Fresh leaves were
initially cleared in Carnoy’s solution (3 parts ethanol:
1 part glacial acetic acid), rinsed in sterile water for
2-5 minutes, and subsequently stained with 1% [-KI
solution for 30 seconds. For each sample, chloroplast
counts were performed on 30 stomata, and observations
were made under a microscope at 400x magnification
(Dogan et al., 2023).

In vivo colchicine treatments

Haploid C. maxima and C. moschata plantlets
obtained through irradiated pollen-induced
parthenogenetic embryogenesis and subsequently
acclimatized were treated with colchicine in the
incubation room. /n vivo application of antimitotic
agents was carried out following modified protocols of
Nikolova and Niemirowicz-Szczytt (1996) and Kurtar
(2018). Small cotton pieces, soaked in the doubling
solutions, were placed on the apical regions of seedlings
at the 4-5 true-leaf stage. The cotton was then covered
with aluminum foil and stretch film to prevent light
exposure and evaporation (Figure 3). For this purpose,
a 0.5% colchicine solution was applied for 3 hours,
after which the shoot tips were rinsed with sterile water.
The treatment was repeated a second time following a
one-day interval. Treated seedlings were maintained
under a daily photoperiod at 25 + 2°C during the day
and 18 £ 2°C at night. After 15 days, the plants were
transferred to the greenhouse and established in their
designated positions, where they were grown under
controlled conditions.

Selfing, fruit set, and seed set

Fruit and seed set observations were used to assess
the reproductive potential of the doubled haploids
(DHs). One day before anthesis, both female and male
flowers were isolated using cloth bags. The following
morning, female flowers were self-pollinated and re-
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isolated to prevent unintended pollen contamination.
Cloth bags were removed on the second or third day
after pollination. For each DH plant, at least one female
flower was pollinated. However, self-pollination was
not always possible, as in some cases, both male and
female flowers were not present on the same plant at
the same time. Fruit set was recorded as the number
of plants bearing fruit, while seed set was evaluated
based on the average number of fully developed seeds
per fruit.

Results and Discussion

In vitro colchicine treatments and ploidy

estimation

In treatments with 0.3% colchicine, 8% of the
embryos failed to develop into complete plants and
could not be transferred to soil. Similarly, 12% and 14%
of the embryos in 0.5% and 0.6% colchicine treatments,
respectively, did not survive to full plantlets. All other
plants were successfully acclimatized and grown in the
growth chamber until they reached the 4-5 leaf stage.

As a result of the treatments applied to obtain
doubled haploid plants directly from haploid individuals
through colchicine supplementation in the nutrient
media, mixoploid C. pepo plants were obtained in all
treatments without statistically significant differences.
The stomata and chloroplast numbers in the leaves of
these plants were examined following the protocol of
Dogan et al. (2023). Even within three different regions
of a single leaf, variations in chloroplast numbers were
observed. When sampling was increased across leaves
on the same plant, similar variation was consistently
observed throughout the entire plant.

Antimitotic agents are commonly recognized
as metaphase inhibitors, exerting their effects
primarily during the metaphase stage of cell division.
Compounds such as colchicine, colcemid, vinblastine,
acenaphthene, dinitroanilines, phosphoroamidates,
pyridines, benzamides, and benzoic acid derivatives
interfere with metaphase progression and induce
chromosome doubling. In particular, colchicine
disrupts microtubule dynamics, thereby preventing
cell division and leading to chromosome duplication
(Dewitte and Murray, 2003; Vaughn, 2006; Dhooghe
etal., 2011). Exposure of haploid plants to colchicine,
oryzalin, trifluralin, and other antimitotic chemicals
in vitro or in vivo results in chromosome doubling
(Kurtar, 2018; Vural et al., 2019). Colchicine acts by
inhibiting microtubule formation, thus altering the cell
division process in plant cells. Recent reviews have
confirmed that colchicine remains the most widely
used antimitotic agent in doubled haploid technology
because of its effectiveness in disrupting spindle

formation during mitosis. However, chromosome
doubling efficiency is strongly influenced by species,
genotype, developmental stage, treatment duration,
and application method. Alternative antimitotic agents,
including oryzalin, trifluralin, and amiprophos-methyl,
have also been investigated to improve chromosome
doubling efficiency or reduce phytotoxic effects,
although no universally applicable protocol has yet
been established for vegetable crops, particularly for
recalcitrant members of the Cucurbitaceae (Fomicheva
et al., 2024; Ermolaev et al., 2026; Singh et al.,
2025). Marangoz et al. (2025) applied colchicine at
concentrations of 0.3%, 0.4%, and 0.6% in both semi-
solid and double-layer media for 14 and 21 days in
pepper anther cultures. They reported that colchicine
significantly enhances the production of spontaneous
doubled haploid plants, with the most effective
treatment being 0.6% colchicine for 21 days in semi-
solid medium.

The size of stomatal guard cells and the number of
chloroplasts within these cells show a strong correlation
with the ploidy level of plants, indicating whether they
are haploid, diploid, or polyploid (Ellialtioglu et al.,
2002; Tepe et al., 2002; Bat et al., 2021). Therefore,
chloroplast numbers in the stomatal guard cells were
examined in plantlets obtained following in vitro
colchicine treatment of summer squash (C. pepo).
Based on reference values established for C. pepo, the
average number of chloroplasts per stoma was 5.2 + 1.3
in haploids and 9.8 + 0.7 in diploids. In acclimatized
plantlets, chloroplast counts were recorded from five
different leaf regions. The mean chloroplast number per
stoma increased from 6.6 & 1.2 in the 0.3% colchicine
treatment to 8.3 = 0.9 and 10.7 + 1.6 in the 0.5% and
0.6% treatments, respectively. This dose-dependent
increase indicates the presence of cells with duplicated
chromosomes and, particularly at the highest colchicine
concentration, cells with even higher ploidy levels.
However, the coexistence of cells exhibiting both
haploid and diploid characteristics clearly indicates
the presence of mixoploidy. Cytological observations
confirmed that none of the regenerated plants were
entirely haploid or fully diploid; instead, all regenerated
plantlets exhibited varying degrees of mixoploidy. As
illustrated in Figures 4 and 5, microscopic observations
revealed chloroplast distributions characteristic of
haploid, diploid, and mixoploid tissues within the same
regenerated plants.

Nevertheless, the occurrence of mixoploid
plants following colchicine treatment is not unique to
Cucurbita and has been reported in several crop species.
Chinnathambi et al. (2023) obtained regenerated
marigold plants with mixed ploidy following colchicine
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treatment of androgenic haploids, while Klima et
al. (2024) reported a high proportion of mixoploid
regenerants after colchicine application in microspore-
derived swede plants. Similarly, Fomicheva et al. (2025)
observed the formation of mixoploid regenerants during
chromosome doubling of carrot haploid embryos using
colchicine and trifluralin. Collectively, these studies
demonstrate that chromosome doubling induced by
antimitotic agents is rarely uniform throughout the
entire plant because different meristematic regions
or cell layers may respond differently to treatment.
Consequently, the formation of mixoploid plants should
be regarded as a common biological consequence of
chromosome doubling rather than a species-specific
phenomenon. The results obtained in the present study
are therefore consistent with recent findings across
several plant families and with the conclusions of
Fomicheva et al. (2024) and Ermolaev et al. (2026),
who identified incomplete chromosome doubling
and the frequent occurrence of mixoploid plants as
major bottlenecks in doubled haploid production,
particularly in the Cucurbitaceae. Further optimization
of chromosome doubling protocols will therefore be
essential to increase the frequency of doubled, fertile
plants in Cucurbita.

When the mixoploid squash plants were grown
in the greenhouse and induced to flower, frequent
occurrences of male flowers lacking pollen and
morphologically abnormal flowers with malformed
stigmas were observed (Figure 6). In cases where pollen-
producing male flowers were used for self-pollination or
for pollinating female flowers of control diploid plants,
no fruit set was achieved. Moreover, in many plants,
male and female flowers did not develop simultaneously,
which further limited successful fertilization. Indeed,
Yuan et al. (2015) reported in cabbage and broccoli,
and Fomicheva et al. (2025) in carrot, that colchicine
treatments applied to haploid plants obtained via
androgenesis can result in the development of mixoploid
individuals, and that obtaining seeds from these plants is
often a limiting factor. Therefore, under the experimental
conditions of this study, in vitro colchicine treatments
were not sufficient to achieve successful DH seed
formation in squash.

In vivo colchicine treatments

In vivo chromosome doubling of winter squash
and pumpkin haploid lines was performed through
colchicine treatments applied to the apical parts of
acclimatized haploid plantlets. Following the protocol
of Kurtar (2018) and considering all experimental
results obtained throughout the study, the colchicine
treatment was optimized as 0.5% colchicine applied
for 3 h and repeated twice at one-day intervals. This

treatment successfully produced doubled haploid (DH)
plants. Three fertile DH plants with viable seeds were
obtained from each self-pollinated C. maxima and C.
moschata genotype. Out of 20 acclimatized haploid
plants treated per species, a 15% chromosome doubling
rate was achieved (Figure 7), which is comparable to
the values previously reported by Kurtar (2018).

The successful recovery of fertile DH plants in
the present study confirms that chromosome doubling
efficiency depends not only on the antimitotic agent
itself but also on genotype, developmental stage,
treatment duration, and application strategy. Recent
reviews have emphasized that these factors interact
to determine chromosome doubling success, making
protocol optimization more critical than colchicine
concentration alone (Fomicheva et al., 2024). The
use of acclimatized haploid seedlings at the 4-5 leaf
stage in the present study appears to have contributed
to the successful recovery of fertile DH plants,
highlighting the importance of selecting an appropriate
developmental stage for chromosome doubling.

Cucurbita species have long been regarded as
recalcitrant crops with respect to both plant regeneration
and chromosome doubling (Kathiravan et al., 2006;
Ananthakrishnan et al., 2007; Ebrahimzadeh et al.,
2018). These challenges are reflected in the generally
low responsiveness of cucurbits to spontaneous
chromosome doubling and in vitro polyploid induction
(Hooghvorst and Nogués, 2020). Consequently,
obtaining fertile doubled haploid plants remains
considerably more difficult in Cucurbita than in many
other vegetable crops.

Previous studies have successfully applied
colchicine for chromosome doubling in several
cucurbit and solanaceous species, including Cucumis
melo (Sauton and Dumas de Vaulx, 1987; Lim and
Earle, 2009), Citrullus lanatus (Sari and Abak, 1996),
Cucumis sativus (Caglar and Abak, 1997), pepper
(Vural et al., 2019; Marangoz et al., 2025), and other
vegetable crops. However, because of the particular
recalcitrance of Cucurbita, alternative antimitotic
agents such as oryzalin and trifluralin have also
been evaluated (Kurtar, 2018; Ebrahimzadeh et al.,
2018). Recent reviews indicate that although these
compounds may reduce phytotoxicity or improve
chromosome doubling efficiency in certain species,
colchicine remains the principal antimitotic agent in
cucurbit breeding because of its broad applicability
and consistent performance (Ermolaev et al., 2026;
Singh et al., 2025). Therefore, future improvements in
chromosome doubling efficiency are more likely to be
achieved through optimization of treatment protocols
than by replacing colchicine itself.
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Colchicine has been applied at concentrations
ranging from 0.05 to 5 g L', depending on species
and application protocol (Fomicheva et al., 2024).
The present study demonstrated that a 0.5% colchicine
treatment for 3 h, repeated twice, was sufficient to
recover fertile DH plants in both C. maxima and C.
moschata. Although additional optimization involving
different concentrations, exposure periods, or repeated
applications may further improve chromosome
doubling efficiency (Kurtar, 2018), the present protocol
provides a practical and reproducible approach for
obtaining fertile DH plants in economically important
Cucurbita species.

The number of seeds harvested per DH Cucurbita
plant ranged from 32 to 166. Despite the well-known
recalcitrance of cucurbits to chromosome doubling,
fertile DH plants were successfully obtained. The
resulting DH seed populations are currently being
evaluated under protected cultivation for genetic
uniformity and phenotypic stability. These results
demonstrate that optimized in vivo colchicine treatment
can effectively overcome one of the major bottlenecks
in doubled haploid technology and provide a reliable
strategy for accelerating breeding programs in Cucurbita.

Conclusions

This study demonstrated that chromosome
doubling efficiency in Cucurbita is strongly influenced
by the method and developmental stage at which
colchicine is applied. While in vitro colchicine
treatments resulted predominantly in mixoploid plants
that failed to produce fertile seeds, in vivo application
to acclimatized haploid plantlets successfully
generated fertile doubled haploid plants in both C.
maxima and C. moschata. The optimized protocol,
consisting of two applications of 0.5% colchicine for

3 h at one-day intervals, proved to be an effective and
reproducible approach for chromosome doubling under
the conditions of this study. These findings confirm
that optimization of treatment strategy, rather than
increasing colchicine concentration alone, is critical
for improving chromosome doubling efficiency
in recalcitrant Cucurbita species. The developed
protocol provides a practical tool for accelerating
doubled haploid production and may contribute to
the development of pure lines and the shortening of
breeding cycles in cucurbit improvement programs.
Future studies should evaluate the applicability of this
protocol to a broader range of genotypes and investigate
alternative antimitotic agents and genotype-specific
optimization strategies to further enhance chromosome
doubling efficiency.
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Figure 1. In vitro colchicine treatments. (a) Isolation and culture of parthenogenetic embryos, (b) Haploid
squash plantlets grown for 21 days on media containing different colchicine concentrations, (c¢) Plantlets

transferred to MS medium and further developed.
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Figure 2. Acclimatization of squash plantlets obtained after colchicine treatment. (a) A plantlet was removed
from the glass jar and cleaned of agar, (b) Plantlets transplanted into sterile soil and placed in a mini greenhouse
for acclimatization, (c) A fully acclimatized squash plantlet showing healthy growth.

Figure 3. In vivo colchicine treatments. (a, b) Placement of cotton imbibed with colchicine solution on the
shoot apex, (¢, d) Covering the cotton with aluminum foil and leaving it for 3 hours.

-

.':.!IT.-

Figure 4. Chloroplast patterns associated with ploidy levels in different plants. (a) Chloroplasts in stomatal
cells of a haploid squash leaf, (b-d) Chloroplasts in stomatal cells of a diploid squash leaf.
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Figure 5. Chloroplast distribution in stomatal cells of mixoploid squash plants (blue arrows: chloroplasts in
diploid cells; red arrows: chloroplasts in haploid cells).

Figure 6. Abnormal flower structures observed in mixoploid squash plants (a, b) Male flowers without pollen,
(c) Male flower with pollen but morphologically abnormal and incapable of fertilization, (d) Female flower
exhibiting stigma anomalies.

Figure 7. Fruits obtained from self-pollination of healthy DH plants derived from in vivo colchicine treatments.
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ABSTRACT

Soybean (Glycine max L. Merr.) is an important legume-oilseed crop cultivated worldwide for its higher protein and
quality vegetable fat content. In Tiirkiye, a significant portion of the demand for soybeans is met through imports. This
situation necessitates the identification of high-performance genotypes adapted to ecological conditions of Tiirkiye. This
study was carried out to identify soybean genotypes that can be grown under the ecological conditions of Konya, which has
high agricultural production potential. Eight soybean varieties (Nova, Defiance, NE 3399, A 3935, ATAEM 7, Cetinbey,
Atakisi and Arisoy) and four breeding lines (BDS 07, BDS 11, BDS 21 and BDS 25) were evaluated in a randomized
block design with three replications in field trials under irrigated conditions during the 2021 and 2022 growing seasons.
Observations were recorded for grain yield, thousand-grain weight, seed oil, ash and protein content, plant height, number
of branches and pods per plant, and first pod height. Analysis of variance results showed statistically significant differences
between genotypes for most of the examined characteristics (p < 0.01). The highest grain yield was produced by BDS
25 (5,881 kg ha") followed by BDS 11 (5,859 kg ha') while Defiance variety (4,077 kg ha') produced the lowest grain
yield. The Atakisi variety had the highest protein content (37.48%) followed by Cetinbey (37.34%), while the highest
oil content was found in the BDS 21 line (18.6%) closely followed by the Atakisi and NE 3699 varieties (18.4%). The
findings indicate that these genotypes (BDS 25, BDS 11, Atakisi and BDS 21) are promising for soybean cultivation under
Konya’s ecological conditions and could contribute to increasing domestic soybean production in Tiirkiye.

Keywords: Soybean, genotypes, adaptation, yield, agronomic traits.

and Miransari, 2016; Wilcox, 2004). Furthermore, the
symbiotic nitrogen-fixing capacity of soybean contributes

Introduction
Soybean (Glycine max L. Mert.) is one of the most

important legume-oilseed crops cultivated worldwide due
to its high protein (35-42%) and oil (18-22%) content
(Aroglu, 2014). As a major source of plant-based protein
and oil, soybean is widely used both as a direct food
ingredient in human nutrition and as a high-quality
protein feed in animal nutrition. In addition, utilization
of soybean in the vegetable oil industry, food products,
biodiesel production, and various industrial applications
makes it a versatile and high value-added agricultural
commodity worldwide (Hartman et al., 2011; Pagano

significantly to soil fertility, enhancing sustainability in
crop rotation systems (Leggett et al., 2017; Salvagiotti
et al., 2008).

The global demand for soybean is increasing
markedly due to population growth, rising consumption
of animal protein, and the expanding use of vegetable oils.
In the year 2023/2024 production season, total soybean
production of about 397 million tons was obtained from
cultivated area of about 139 million hectares (FAO, 2025;
USDA, 2026) making soybean as the world’s top oilseed

(§) This study was presented as an oral presentation at the V. International Plant Breeding Congress held in Antalya, Tiirkive, on December 1-5, 2025.
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crop in terms of both cultivated area and production
volume. The global demand of soybean is increasing
due to growing demand from the feed industry, as well as
from food, biofuel, and industrial sectors (USDA, 2026).

Brazil, United States and Argentina are the leading
producer and exporters of soybean contributing
approximately 80% of global production (USDA, 2026).
China is the world’s largest soybean importer and plays
a decisive role in global trade flows (Gale et al., 2019;
Peng et al., 2026; OECD-FAO, 2023).

As of 2020, national soybean production was
approximately 150-160 thousand tons, which is far from
meeting the In Tiirkiye, domestic demand of soybean
is more than 3 million tons against the production of
only about 150-160 thousand tons (Basalma et al., 2025;
TUIK, 2025). The demand in the country is increasing
due to rising demand for plant-based protein and the
expansion of the feed industry. This gap is currently being
filled through imports of soybean and soybean products.

Soybean production in Tiirkiye is mainly
concentrated in the Cukurova Region, with limited
area in the Mediterranean and Black Sea regions.
The crop faces stiff competition with maize, cotton
and sunflower (Arioglu, 2014; Arioglu et al., 2016).
This situation necessitates the expansion of soybean
cultivation into new ecological zones and the
identification of high-yielding genotypes well adapted
to regional conditions.

The Central Anatolia Region, and particularly the
Konya Plain, is considered a potential production basin
for soybean cultivation due to availability of agricultural
land, irrigation opportunities, and suitability for crop
rotation systems. Nevertheless, the semi-arid climate
conditions characterized by high summer temperatures
and low precipitation may pose limitations for soybean
cultivation in Konya Province. Factors associated with
climate change such as rising temperatures, irregular
precipitation patterns, and water scarcity have intensified
genotype X environment interactions in soybean
production (Ray et al., 2015). In this context, evaluating
genotype performance across different ecologies is of
critical importance for the development of sustainable
production strategies. These environmental conditions
have a significant influence on key agronomic traits
such as grain yield, protein content and oil concentration
(Acikgoz et al., 2009; Yan et al., 2000).

Numerous studies have demonstrated significant
differences among genotypes for yield, yield components,
and quality traits under diverse ecological conditions
as well as the decisive role of genotype X environment
interactions (Gauch, 2013; Yan and Kang, 2002).
Research conducted in Tiirkiye has similarly reported
differences in yield and quality characteristics of soybean

whisab

genotypes under varied environmental conditions across
regions (Bakkal et al., 2017; Kocatiirk et al., 2019).
Sowing time and row spacing, together with genetic
potential have been reported to significantly affect yield
components (Yilmaz et al., 2022; Bars et al., 2020).
However, comprehensive evaluations of genotype
performance under continental and semi-arid ecologies
such as Konya remain limited. Therefore, identifying
genotypes with high yield and quality traits that are well
adapted to the Konya ecology will of great importance
for developing alternative cropping patterns in the region.

The findings are expected to contribute scientifically
to the development of suitable cultivar recommendations
for regional producers and to strategies aimed at reducing
the national deficit in oilseed production.

Materials and Methods

2.1. Plant Material

Twelve soybean (Glycine max (L.) Merr.) genotypes
evaluated in the study comprised eight registered cultivars
(Defiance, Nova, ATAEM 7, NE 3399, Arisoy, A 3935,
Atakisi, and Cetinbey) and four advanced Bahri Dagdas
breeding lines (BDS 11, BDS 07, BDS 25, and BDS 21).

2.2. Experimental Site and Soil Characteristics

Field experiments were conducted over two
consecutive growing seasons (2021-2022) at the Selguk
University Sarayonii Vocational School, Sarayonii
District of Konya Province, Tiirkiye. The experimental
site is situated at 38.264° K latitude, 32.406° D longitude
and an altitude of 1055 m above sea level.

The soil of the experimental field (30 cm
depth) was clay loam in texture, slightly alkaline in
reaction (pH 8.12), with a medium level of organic
matter content (2.33%) and a high CaCO, (22.07)
concentration (Table 1).

2.3. Climatic Conditions

Average daily maximum temperatures in both years
were approximately 34-36°C during July and August.

Summer temperatures in 2021 (35,7-35,8°C) were
higher as compared with 2022 (34,1-34,4°C).

Precipitation during summer months was lower and
in June was relatively higher than long term average in
both years. Total rainfall received during the crop season
in both years was below long-term averages, and rainfall
was unevenly distributed across months.

2.4. Cultural Practices

The experiment was conducted in a randomized
complete block design (RCBD) with three replications.
Each plot consisted of five rows, each 5 m in length, with
arow spacing of 40 cm and an intra-row spacing of 5 cm
(gross plot size 10 m?). Sowing was performed manually.
At sowing, diammonium phosphate fertilizer (DAP, 18-
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46%) was applied at a rate of 150 kg ha'. Sowing was
carried out on 18 May 2021 and 13 May 2022. Prior to
sowing, seeds were inoculated with Bradyrhizobium
Jjaponicum.

Crop was harvested on 26 October 2021 and 1
November 2022. Irrigation was applied using a drip
irrigation system in six applications, each lasting five
hours. Weed control was performed mechanically.
To avoid border effects, the first and last rows of
each plot were excluded from measurements and
observations. After excluding two rows from each
border of the experimental plots and 50 cm from both
ends of the plot lengths, the remaining net plot size
evaluated was 4,8 m2. Measurements and evaluations
were performed on 10 randomly selected plants from
this net plot area. Agronomic traits such as grain yield,
plant height, first pod height, and number of pods per
plant were determined according to the methodology
of the International Soybean Program (INTSOY)
(Bek and Arioglu, 2005). Statistical analyses were
conducted using JMP software (Altinylizilk and
Oztiirk, 2017).

Results and Discussion

3.1. Plant Height

The results indicated statistically significant
differences among soybean genotypes for plant height
(P <0.01). The plants of ATAEM 7, BDS 11, and BDS
25 genotypes attained tallest and statistically similar
plant height (85.3-87.4 cm), whereas Defiance exhibited
significantly lowest plant height (62.0 cm) and was on
par with NE 3399, A 3935, BDS 21 and Cetinbey (Table
4).

Previous studies have also reported that soybean
plant height is largely controlled by genetic factors, while
environmental conditions play a substantial role in the
expression of this trait (Board and Kahlon, 2011; Yang et
al., 2021). Shorter genotypes are considered advantageous
for mechanical harvesting and contribute to improved
production reliability whereas plants with greater height
may be more prone to lodging.

3.2. First Pod Height

Significant differences were observed among
soybean genotypes for both first branch height and
first pod height (P <0.05). The highest first pod height
was recorded in BDS 25 and BDS 21 genotypes, while
the lowest value was observed in the Defiance cultivar
(Table 4). First pod height is a critical agronomic trait for
mechanical harvesting of soybean (Board and Kahlon,
2011; Bakal et al., 2020). The non-significant year
effect and the absence of a significant year X genotype
interaction indicate that these traits are more strongly
governed by genotypic factors.

3.3. Number of Branches and Pods

Statistically significant differences were observed
for number of branches and number of pods per plant
among soybean genotypes. BDS 21, BDS 25 and Atakisi
genotypes produced higher number of branches, whereas
BDS 11, Atakisi and BDS 25 produced higher numbers
of pods per plant (Table 4). ATAEM 7 and Defiance
produced the lowest number of branches per plant and
pods per plant, respectively. The number of branches and
pods is directly related to the photosynthetic efficiency
of plants and their capacity to form generative organs
(Board and Kahlon, 2011; Board et al., 1992).

3.5. Thousand-Seed Weight (g)

To determine the thousand-seed weight of the
genotypes, four separate sets of 100 seeds were weighed
individually to calculate the average 100-seed weight,
and the resulting value was multiplied by 10.

Genotypes showed significant differences (P <0.01)
in thousand-seed weight. Earlier study also reported that
seed weight is a trait under strong genetic control and
shows considerable variation among cultivars (Ogunbayo
etal., 2014).

The highest thousand-seed weight (156 g) was
recorded in BDS 25 genotype, followed by BDS
07 and Cetinbey. The lowest thousand-seed weight
(approximately 113 g), was observed in the Atakisi
cultivar. Thousand-seed weight has a high heritability
and represents an important yield component that can
be improved through selection (Ramya et al., 2010).
Significant effect of year on Thousand-seed indicates that
seed weight traits are also influenced by environmental
conditions and climatic variability during the growing
season. Seed size, which is directly related to thousand-
seed weight, is among the key physical quality parameters
determining suitability for the feed and food industries.
Cultivars with larger seeds are preferred by industry
due to higher flour yield, better milling properties, and
lower processing losses (Elgiin and Ertugay, 2011). In
this context, genotypes such as BDS 25, BDS 07, and
Cetinbey, which exhibited higher thousand-seed weight,
can be considered to have greater potential for use in the
feed and food industries.

Multi-environment field trials have demonstrated
significant differences among genotypes regarding
seed weight and related quality traits (P<0.01). These
interactions provide valuable guidance for breeding
programs and cultivar selection for industrial use
(Gokdere et al., 2023).

3.6. Grain Yield

Significant differences were observed among
soybean cultivars for grain yield (P <0.05. The year X
cultivar interaction was significant, indicating that yield
rankings of genotypes varied between years. Mean yield
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values ranged from 4077 to 5881 kg ha™', with the higher
yields obtained from the BDS 11, BDS 25, and Nova
cultivars.

Similar differences in yield and yield components
and positive correlation among number of pods per
plant, 100-seed weight, and the number of seeds per
pod of soybean genotypes were reported earlier (Nget
et al., 2022). Furthermore, genotype X environment
interactions have been shown to significantly affect yield
performance, with environmental variability altering the
yield rankings of genotypes (Addae-Frimpomaah et al.,
2025; Pospisil and Pospisil, 2024).

3.7. Quality Parameters

3.7.1. Protein Content (%)

Protein content ranged from 32.30% to 37.48%.
The highest protein content was recorded in the Atakisi
genotype (37.48%), followed by Cetinbey (37.34%),
BDS 25 (37.09%), and Defiance and BDS21 (both
36.97%). The lowest protein content was observed in
the Arisoy genotype (32.30%). In general, genotypes with
higher protein content are considered more valuable for
both human consumption and the feed industry.

The higher protein content observed in some
genotypes is an important quality characteristic because
soybean protein is a primary determinant of nutritional
value for both human food and animal feed. Consequently,
the development and selection of high-protein genotypes
remain major objectives in soybean breeding programs
(Chiluwal, 2025; Liu, et al., 2023; Singer et al., 2023;
Shi et al., 2023).

3.7. 2. Ash Content (%)

Ash content ranged from 4.89% to 7.23%. The
highest ash content was recorded in the NE 3399 genotype
(7.23%), followed by Cetinbey (6.73%), Defiance
(6.71%), and BDS 25 (6.53%). The lowest ash content
was observed in the BDS 11 genotype (4.89%). Since
ash content reflects the total mineral content of the seed,
genotypes with higher ash content can be considered
richer in mineral nutrients.

Ash content is commonly regarded as an indicator of
the total mineral content of seeds. Therefore, genotypes
with higher ash content are generally considered to
possess greater concentrations of essential mineral
nutrients, which contributes positively to their nutritional
quality (Sonia et al., 2024; Singer et al., 2023).

3.7.3. Oil Content (%)

Oil content ranged from 16.40% to 18.60%. The
highest oil content was recorded in the BDS 21 genotype
(18.60%), followed by NE 3399 and Atakisi, both with
18.40%. The lowest oil content was observed in the
BDS 11 genotype (16.40%). Genotypes with higher oil
content are considered more advantageous for vegetable
oil production.
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Genotypes with higher seed oil content are generally
considered more desirable for vegetable oil production
because oil concentration is one of the major determinants
of the economic value of soybean. Consequently,
improving seed oil content remains a key objective of
soybean breeding programs aimed at food, feed, and
industrial applications (Li et al., 2026; Kim et al., 2024;
Vargas-Almendra et al. 2024).

Conclusions

The results of this study demonstrated significant
differences among cultivars for plant height, first pod
height, number of branches, number of pods, and
thousand-seed weight. The significant cultivar X year
interaction for yield indicates that cultivars respond
differently under varying environmental conditions.
Opverall, the BDS 11 and BDS 25 genotypes, along with
the Nova cultivar, stood out in terms of high yield and
favorable morphological traits, indicating good adaptation
to the region. Consequently, ecological conditions similar
to Konya Plain, Nova, BDS 11 and BDS 25 genotypes
can be recommended for grain yield, while Atakisi
cultivar and BDS 21 genotype can be recommended for
higher oil and protein content.

When the quality parameters, namely protein, oil,
and ash contents, were evaluated together, considerable
differences were observed among the soybean
genotypes. Atakisi stood out for its superior nutritional
quality, exhibiting both the highest protein content
(37.48%) and a high oil content (18.40%). BDS 21
was distinguished by the highest oil content (18.60%),
together with high protein (36.97%) and relatively high
ash (6.05%) contents. BDS 25 can also be considered
a promising genotype due to its high protein (37.09%)
and ash (6.53%) contents, as well as its highest 1000-
seed weight. Although NE 3399 exhibited the highest
ash content (7.23%) and high oil content (18.40%), its
protein content (33.28%) was lower than that of the
other outstanding genotypes. In contrast, BDS 11 had
the lowest ash (4.89%) and oil (16.40%) contents but
produced one of the highest seed yields (5,859 kg ha-
", indicating a different balance between seed quality
and productivity. These findings demonstrate that the
genotypes possess distinct advantages depending on
their intended use whether for high protein, high oil
or high mineral content.
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Table 1. Soil properties of the experimental area.

. Organic Phosphorus Potassium
()

Texture pH E.C.(mS/cm) Lime(%) Matter (%) (kg/da) (kg/da)

Clay Loam 8.12 2.77 22.07 2.33 3.42 153.75

Table 2. Mean monthly temperatures and cumulative rainfall of the experimental site for the crop years 2021-2022.

Meteorological | Months
Parameters Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec
Mean Daily 2021 188 199 215 28.1 312 306 357 358 305 262 219 163
Maximum 2022 135 125 188 285 309 302 341 344 333 319 199 163
Temperature
) Longterm ) 115 268 315 350 372 401 405 388 333 249 204
averages
2021 27 26 39 11 183 174 231 227 164 111 8 18
Mean Air
Temperature 2022 24 0 -07 129 141 191 207 237 187 11.6 19 44
°C) g
Longsterm ) o 59 79 130 174 218 253 257 206 144 80 3.6
averages
Mean Daily 2021 -117 -157 -67 <35 54 41 107 9 36 -3.6 -86 -202
Minimum 2022 225 -156 -153 -49 16 103 73 118 1 28 -35 -48
Temperature
O Longsterm 1o 147 77 38 25 92 131 129 51 01 77 -162
averages
2021 203 04 607 129 29 714 144 12 385 07 221 256
Eﬁﬁ)fa” 2022 182 198 103 3 20 279 204 97 44 262 69 219
Long-term s 5 1424 33.88 2580 35.69 3580 644 6.69 17.93 20.85 34.01 4342
averages

Source: TIGEM (Gézlii Agricultural Enterprise Directorate) meteorological station - DMGM data

Table 3. Analysis of Variance for the effects of treatments on agronomic traits.

Source of d Plant First Pod Number of  Number of Thousand- Grain
Variation f Height Height Branches per Pods per  Seed Weight Yield
(SV) (cm) (cm) Plant Plant © (kg hat)
Replication 2 55.04 33.39 1.14 87.29 317.38 46700.1
Year 1 6952.17" 249.57 25.92 369.46 8383.51" 26692.8
Error 1 (Rep X Year) 2 125.23 111.17* 422 356.89™ 357.70 41379.4
Genotype 11 378.19™ 35.83" 2.20™ 97.93" 949.91™ 19927.6"
Year X Genotype 11 45.83 9.61 0.49 42.30 144.97 18487.2"
Error 2 44 114.96 13.65 0.51 40.93 112.77 8575.4
Coefficient of 14.08 19.42 25.01 23.79 8.17 19.02

Variation (CV, %)
*Significant at P <0.05; **Significant at P < 0.01.
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Table 4. Effects of treatments on the performance of soybean genotypes.

Plant First Pod Number of

Number of

Thousand- Grain

Genotype Height Height Branches per Podsper Seed Weight Yield Pr(ﬁ/i‘;i“ ?)/s:; ((‘,)Al)l)
(cm) (cm) Plant Plant (€3] (kg ha)
Defiance  62.0¢ 145d 2.75 b-d 21.6¢ 129.3 b-e 4077 ¢ 3697 671 17.15
Nova 74.7b-d 17.6 b-d 2.68 cd 25.9 be 118.2 ef 5198ab 3447 527 16.50
ATAEM7 874a 20.0a-c 1.60 e 248 ¢ 116.5 f 5058 a-c  34.64 5.04 1695
NE 3399 68.7de 17.6b-d 3.05 a-d 26.2 be 129.1 c-e 4447bc 3328 7.23 1840
Arisoy 789a-c 18.9bc 3.13 ad 27.5be 119.7 ef 5040 a-c 3230 5.11  17.10
A 3935 68.6de  19.3 bc 3.03 a-d 27.2bc 123.3 d-f 4253 bc 3332 546 17.05
Atakisi 74.1b-e 16.1cd 3.43 a-c 323 ab 113.3f 4435bc 3748 492 1840
BDS 07 82.8a-c 20.1a-c 2.43 de 27.1 be 141.6 b 4740bc 3593 571 17.05
BDS 11 853ab  19.4bc 2.38 de 36.0a 134.8 b-d 5859 a 3488 489 1640
BDS 21 725c-e 21.2ab 383a 24.1c 136.7 be 4580bc 3697 6.05 18.60
BDS 25 85.7ab  24.0a 3.57 ab 28.2 be 155.7 a 5881 a 37.09 653 16.70
Cetinbey 73.2b-e 19.4bc 2.57d 220¢ 141.4 be 4855a-c 3734 673 16.50
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