U\ plants

Review

Conservation and Global Distribution of Onion (Allium cepa L.)
Germplasm for Agricultural Sustainability

Kingsley Ochar 1

check for
updates

Citation: Ochar, K; Kim, S.-H.
Conservation and Global
Distribution of Onion (Allium cepa L.)
Germplasm for Agricultural
Sustainability. Plants 2023, 12, 3294.
https://doi.org/10.3390/
plants12183294

Academic Editor: Andreas W. Ebert

Received: 4 August 2023
Revised: 11 September 2023
Accepted: 11 September 2023
Published: 18 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Seong-Hoon Kim *

t

Council for Scientific and Industrial Research, Plant Genetic Resources Research Institute,

Bunso P.O. Box 7, Ghana; kingochar@yahoo.com

National Agrobiodiversity Center, National Institute of Agricultural Sciences, Rural Development
Administration, Jeonju 5487, Republic of Korea

*  Correspondence: shkim0819@korea.kr

These authors contributed equally to this work.

Abstract: Onion (Allium cepa L.) is recognized globally as a crucial vegetable crop, prized not only for
its culinary applications but also for its numerous health-promoting properties. With climate change
relentlessly exerting mounting challenges to agriculture, the preservation and deployment of onion
germplasm has become critical to ensuring sustainable agriculture and safeguarding food security.
Global onion germplasm collections function as repositories of genetic diversity, holding within them
an extensive array of valuable traits or genes. These can be harnessed to develop varieties resilient
to climate adversities. Therefore, detailed information concerning onion germplasm collections from
various geographical regions can bolster their utility. Furthermore, an amplified understanding of the
importance of fostering international and inter-institutional collaborations becomes essential. Sharing
and making use of onion genetic resources can provide viable solutions to the looming agricultural
challenges of the future. In this review, we have discussed the preservation and worldwide distribution
of onion germplasm, along with its implications for agricultural sustainability. We have also underscored
the importance of international and interinstitutional collaboration in onion germplasm collecting and
conservation for agricultural sustainability.

Keywords: onion; diversity; germplasm; genebank; climate change

1. Introduction

The genus Allium is one of the most widespread monocotyledonous plants (Figure 1),
constituting over 800 plant species [1,2]. The genus includes a multitude of widely culti-
vated forms such as onion (Allium cepa L.), chive (Allium schoenoprasum L.), green onions or
Japanese bunching onion (Allium fistulosum L.), garlic (Allium sativum L.), shallot (Allium
ascalonicum L.), scallion (Allium wakegi), and leek (Allium ampeloprasum L. var. porrum) [1-3].
Within thisgenus, onion (Allium cepa; Family:Alliaceae),a diploid species with 16 chromo-
somes (2n = 2x = 16), is the most extensively cultivated and consumed vegetable crop [4]. It
ranks second only to tomatoes in terms of global production [5-7]. With a long and varied
history, onion is believed to be among the first plant species to be domesticated during the
era of ancient human civilization [8,9]. For instance, archaeological evidence suggests that
onion domestication took place over 4000 years ago [10-12]. The domestication process,
like in many other crop species, involved cultivating wild onion species and selecting
specific genotypes based on desirable characteristics determined by early growers [3].

The practice of onion cultivation and its subsequent worldwide spread isthought to
have closely followed human migration patterns and trade routes [3,13]. Owing to their
unique flavor, health-promoting properties, and culinary versatility, onions have become a
staple in human diets and cultures over millennia, adding flavor and aroma to countless
dishes [14,15]. Presently, onion cultivation is distributed over more than 140 countries. The
largest global producers of onions include China, India, the United States, and Turkey [16].
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Additionally, high onion productivity has been recorded in countries such as the Republic
of Korea (73.21 t/ha) and Guyana (77.75 t/ha) [10]. The diversity of onion cultivars varies
across different geographical locations and agroclimatic conditions, influenced by factors
such as climate and soil suitability, as well as consumer or market preferences [17,18]. The
edible components of the onion plant, encompassing both green foliage and the bulb, are
treasured not only for their culinary applications but also for their nutritional and medicinal
properties [8,19].
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Figure 1. Global distribution of Allium species, including onions. Source: Plants of the World Online.
https:/ /powo.science.kew.org/ (accessed on 26 July 2023).

In the current climate, characterized by evolving global climate variables and myriad
environmental challenges, both plant species and our agricultural systems are increasingly
vulnerable, with potentially severe ramifications for global food security [20,21]. As a crop
of significant global importance, the process of gathering, preserving, and utilizing the
germplasm of the onion becomes an indispensable strategy to prevent the loss of crucial
genes and gene pools [22]. Germplasm is a long-term resource management operation and
provides knowledge about species genetics, and this is useful for conserving plant diversity
and achieving both food and nutritional security [22]. By conserving onion germplasm,
the genetic diversity of the crop is preserved and further used in developing new resilient
onions with improved traits, such as drought tolerance, disease resistance, and adaptability
to changing climatic conditions and promoting long-term agricultural sustainability [23,24].
Research has revealed that nearly 7.4 million plant accessions have been gathered and con-
served in approximately 1750 plant germplasm centers globally [25]. Yet, only a minuscule
2% of these resources have been utilized as Plant Genetic Resources (PGRs) [26,27]. World-
wide, an abundance of germplasm collections serves as repositories for genetic resources.
In onion, these collections encompass a broad spectrum of onion varieties, landraces, and
wild relatives, each representing unique genetic traits and adaptations. Conservation
initiatives that focus on the maintenance, characterization, and documentation of onion
germplasm are pivotal in preventing genetic erosion and loss. As is the case with other
crop species, onion germplasm collecting could be effective under research partnership
agreements among international organizations, genebanks, and research institutions [28].
These partnerships ensure the expansion and long-term conservation of the crop’s rich
diversity. This collaborative framework enables researchers and breeders to access a wide
array of onion germplasm from diverse geographical regions, which is crucial for the
development of new varieties [28]. International networks and platforms facilitate the
exchange of germplasm, foster collaboration, and propel research in genetic improvement.
Through meticulous breeding and selection processes, breeders can incorporate desirable
traits from diverse onion germplasm into commercially viable onion varieties [29]. This
procedure entails identifying onions with particular traits, including drought tolerance,
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heat tolerance, water-use efficiency, disease and pest resistance, and adaptability to specific
climates [30,31]. By cultivating climate-resilient onion varieties, farmers can offset the detri-
mental impacts of climate change on onion production, bolster yield stability, and foster
agricultural sustainability. Climate-adapted onion varieties reduce farmers’ vulnerability
to fluctuating climatic conditions, ensuring a steady onion supply and, thereby, enhancing
food security. Resilient onion varieties, developed from diverse germplasm resources,
aid in decreasing dependence on agrochemical inputs like pesticides and fertilizers by
integrating natural resistance to pests and diseases [32]. In general, collaboration and
knowledge sharing among germplasm collection institutions and researchers worldwide
spark innovation and facilitate the development of region-specific onion varieties. Further-
more, effective conservation and global distribution of onion genetic resources areessential
in advancing agricultural sustainability and onion production in the face of climate change.
The current review aims to provide a current overview of the conservation and global
distribution of onion germplasm as a crucial component for sustaining agriculture and
ensuring food security.

2. Onion Genetic Resources

The practice of cultivating onions dates back to ancient times, when growers in
various regions selectively propagated onion populations exhibiting desirable traits [7].
This process has resulted in a broad array of landraces and cultivars, each endowed with
significant genetic variation [10,29]. Meanwhile, the unselected populations have persisted
in the wild, serving as wild relatives of the cultivated types. Onion genetic resources
comprise diverse collections of onion varieties, landraces, and wild relatives, each carrying
a plethora of genetic traits [33,34]. Generally, onion germplasm collection shows variation in
several traits, including yield perplant, shape index, bulb dry weight, bulb hardiness, bulb
height, bulb diameter, the color of dry skin, dry skin thickness, dry matter ratio, number
of leaves, and leaflength [35-38]. Thus, the diversity of onion resources ismeticulously
preserved to ensure the maintenance and utilization of their abundant genetic diversity
for a range of purposes, including breeding programs, advancing research, and promoting
conservation initiatives [39].

2.1. Onion Wild Relatives and Landraces

Onion crop wild relatives and landraces are invaluable constituents of onion germplasm
collections, especially their pungency, flavouring, and traditional medicinal value;they rep-
resent an excellent resource for breeding new cultivars [28,40]. They epitomize the genetic
diversity and ancestral forms of cultivated onions. Both wild relatives and landraces con-
tribute significantly to the conservation and utilization of onion genetic resources for breeding,
thus promoting agricultural sustainability. They provide a vast reservoir of genetic diversity,
encompassing unique adaptive traits [41,42]. By conserving and leveraging these genetic
resources, we can ensure the sustained advancement and resilience of onion cultivation. In
doing so, we enhance food security and promote the sustainable utilization of plant genetic
resources [43,44].

2.1.1. Onion Wild Relatives

Crop wild relatives are species closely related to cultivated plants, including onions.
Having evolved in a variety of ecological niches, these wild onion relatives often exhibit
adaptations to specific environmental conditions [3]. They display variations in traits such
as disease resistance and tolerance to environmental stressors, traits that may be absent in
cultivated varieties [3]. These traits can be incorporated into breeding programs to augment
the adaptability and resilience of cultivated onions [45-47]. For instance, certain wild onion
species such as A. asarense, A. roylei, A. galanthum, A. oschaninii, A. turkestanicum, A. pskemense,
A. altaicum, A. farctum, A. praemixtum, A. rhabdotum, A. pskemense, and A. vavilovii demon-
strate tolerance to harsh conditions such as drought, extreme temperatures, or poor soil [18].
Phylogenetic studies have revealed A. vavilovii as the most closely related wild relative of



Plants 2023, 12, 3294

40f19

the common onion [48,49]. By studying the crossabilityand integrating adaptive traits of
these wild relatives, breeders can create onion varieties better equipped to endure stress-
ful growing conditions [3,50]. The presence of genetic diversity in wild relatives aids in
broadening the gene pool available for onion breeding programs [51]. The introduction of
genes from these wild relatives can enhance traits like disease resistance, nutritional quality,
and flavor [40,52]. These genetic resources can contribute to the development of improved
onion varieties that meet specific consumer and market demands, as well as tackle emerging
challenges in onion cultivation.

2.1.2. Landraces of Onions

Landraces are traditional, genetically heterogeneous varieties that have evolved and
adapted to specific ecogeographical locations, typically conserved by farmers over gener-
ations [42,53]. Integral to local cultures or traditions, landraces often offer historical and
cultural benefits, exemplifying the culinary heritage of certain regions [54]. These genetic
resources have evolved to thrive in particular local conditions, including specific climates,
soil types, and farming practices [55]. Over centuries of cultivation, onions have adapted
to a range of conditions, such as temperature and photoperiods, leading to the emergence
of a diverse array of landraces [56]. These onion landraces have developed the ability to
withstand a variety of stressors, including pests, diseases, and several abiotic environmental
factors prevalent in their native regions [32]. The conservation of onion landraces, including
other types of genetic resources, not only helps maintain the knowledge associated with tra-
ditional onion cultivation but also contributes to the preservation of cultural diversity [57].
Many landraces may possess unique flavors and storability, which renders them valuable
sources of genetic diversity [58]. By conserving and utilizing onion landraces, farmers can
maintain a diverse range of onion varieties that are well-suited to local conditions. This not
only contributes to local food security but also reduces dependence on a limited number
of commercial cultivars, thus enhancing profitability. Through careful characterization,
evaluation, and crossbreeding with cultivated onions, the genetic diversity of wild relatives
and landraces can be harnessed to develop improved onion varieties [4]. This approach
can help address emerging challenges in agriculture, improve the nutritional content of
crops, and meet specific consumer preferences [3].

2.2. Onion Cultivars and Breeding Lines

Onion cultivars and breeding lines are the tangible outcomes of continuous efforts by
breeders to produce improved varieties that exhibit desirable traits and characteristics apt
for commercial cultivation. This progress is largely facilitated through selective breeding
and hybridization techniques [8]. In the context of onion breeding, specific objectives
may include enhancing traits such as yield potential, flavor profile, storage longevity,
adaptability to diverse environmental conditions (resistance to various diseases and pests),
and bulbcharacteristics (color, shape, soluble-solids content, pungency and flavor, stor-
age ability, andhealth-enhancingattributes) [3]. The development and proliferation of
such improved cultivars contribute significantly to optimizing agricultural productivity,
profitability, and sustainability.

2.2.1. Commercial Varieties

Commercial cultivars represent the culmination of extensive breeding and selection
processes optimized for desirable traits to ensure high yields and market acceptance. Widely
cultivated by farmers for their market viability, commercial onion cultivars are selected
based on consumption preferences and market demands [59]. Key selection criteria often
include size, shape, pungency, color, storage qualities, resistance to pathogens, pests, and
bolting [3,29]. Commercial cultivars bred specifically for high-yielding and quality seed
production for the market must have desirable attributes such as vigorous bulbs, with
flowering uniformity straight seed stalks, number of umbels produced, and the number of
flowers per umbel [3]. Moreover, there exist regionally adapted or specialty onion cultivars
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developed specifically to flourish under unique climate conditions, soil types, or cultural
settings. These regional cultivars are particularly suited to local growing conditions and
may exhibit distinct flavor profiles or other unique characteristics aligned with regional
culinary preferences [56]. Such advancements significantly contribute to the progress of
onion cultivation by addressing challenges, catering to the evolving needs of growers
and consumers, and aligning with broader trends within the agricultural industry [59].
A prerequisite to success in breeding commercial onion cultivars is the presence and
exploitation of diversity in germplasm collection.

2.2.2. Breeding Lines

Breeding lines, or parental lines, serve as the foundation for developing new onion
cultivars. Breeding programs aim to create genetically diverse and stable lines to serve as the
basis for hybridization [3]. These lines are meticulously selected for specific traits of interest,
such as disease resistance or unique flavor profiles [60]. The process of crossing different
parental lines allows breeders to combine desirable traits from each parent, resulting in
hybrids with distinctive and superior attributes, such as improved vigor, yield uniformity,
or disease resistance, compared to their parent lines [3,45].

Within onion breeding programs, disease or pathogen resistance, alongside edible
yield, is a key targeted trait [51]. Enhancing disease resistance reduces the reliance on
chemical treatments, thus promoting sustainable onion production. In parallel, high-
yield breeding lines are cultivated to boost onion productivity and optimize agricultural
efficiency [32]. These lines are chosen based on their capability to produce a larger number
of bulbs per unit area or exhibit other characteristics that contribute to increased yield
potential [59]. Consequently, high-yielding lines can enhance farmers’ profitability by
maximizing onion production.

3. Intraspecific Classification of Onion

The worldwide genepool of onion is estimated to be over 20,000, and this can be
subdivided into three distinct groups: common group, aggregatum group, and ever-ready
group [61]. Members of the common onion group comprise open-pollinated traditional and
modern cultivars, hybrids, and local landraces under cultivation across the globe [62]. Thus,
there is a wide diversity within bulbous or common onion groups and much variation
across different countries [10,63]. This category of onions reproduces from seeds or from
seed-grown sets and is normally made up of a single large bulb [64]. Many dry bulb
onions under cultivation are members of this category. Common onions have high export
value in many countries, such as India and China, and relative to the common onion
group, the aggregatum group of onions is of less economic significance [65,66]. The
aggregatum group of onions, also known as multiplier onions, reproduce mainly by asexual
means, involving many small-sized daughter bulbs that form aggregated clusters [66,67].
Members of the common onion group are predominantly cultivated in regions including
Asia, Europe, and America, specifically for their dry bulbs [65]. The aggregatum group
of onions, also known as small onions or multiplier onions, possess excellent storage
capacity [64,66]. Compared to common onions, the aggregatum group of onions ishardier
and early maturing [65]. Shallots represent the most significant subgroup of the aggregatum
group that is commercially cultivated [65,68]. Shallots produce numerous aggregated
undersized bulbs that are narrowly ovoid to pear-shaped and usually havered-brown or
coppery skins. The last category, the ever-ready onion group, consists of onions that are
known for their prolific vegetative growth features, making them distinct from the other
groups. They produce their leaves and bulbs throughout the year [69]. Around the mid-20th
century, ever-ready onions were known to be commonly cultivated in Great Britain.

4. Ex Situ Conservation Efforts for Onion Genetic Resources

Maintaining onion genetic diversity is fundamentally essential for the sustainable
development of improved onion varieties and for purposes of scientific research and con-
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servation [32,70]. The safeguarding and utilization of these genetic resources through seed
banks, conservation programs, and collaborative efforts underpin the continuous advance-
ment and adaptability of onion cultivation amidst shifting agricultural and environmental
conditions. Conservation efforts for genetic resources commonly employ both in situ and
ex situ methods. The in situ conservation emphasizes the preservation of plant species
within their natural habitats, thereby maintaining their ecological context and interactions
with other organisms [71,72]. Conversely, ex situ conservation involves the cultivation
and preservation of genetic resources in controlled environments (or outside the plant’s
natural environment) such as tissue culture laboratories, botanical gardens, greenhouses,
cryopreservation, or field genebanks [71]. In the domain of plant genetic conservation,
these strategies complement each other, ensuring the preservation and availability of a
wide range of plant genetic resources for future generations [72]. In the context of onion
genetic resource conservation, ex situ conservation tends to be more suitable and represents
the most commonly employed technique compared to the in situ approach.

4.1. Seed Genebanks

It is now clear the possibility of losing many plant species in the terrestrial ecosystem,
especially amid the unabated changing climatic conditions and habitat loss [73]. In this
regard, long-term storage of seeds of economically important crops in genebanks has
become an indispensable component in the effort to promote agricultural sustainability [74].
Onions, as one of the globally recognized vegetable species, require conservation attention.
Typically, onion collections encompass seeds sourced from various geographical regions,
representing an extensive array of genetic diversity [75]. Preserving the genetic diversity
of onion is essential for maintaining the crop’s resilience in the face of environmental
challenges and evolving pathogens [76]. The conservation of onion seeds (orthodox seeds)
in genebanks ensures the availability of diverse genetic materials for regional and global
germplasm exchange and for future applications in research [57]. Since onion seeds, like
other Allium seeds, haveshort longevity, to ensure their prolonged viability, the seeds
are meticulously stored under tightly regulated conditions, including low temperature
and humidity.

4.2. Tissue Culture or In Vitro Conservation of Onions

In vitro collections or plant tissue culture facilitate the conservation of onion genetic
resources such as tissue cultures, embryos, or shoot meristem cultures [77]. This methodol-
ogy entails the propagation of minute onion tissue pieces under sterile conditions using
nutrient-rich media [78,79]. Advantages of in vitro onion collections include compact
storage, diminished space requirements, and the capacity for rapid multiplication and dis-
tribution of plant materials, in particular vegetative propagated materials [80]. This method
proves particularly beneficial for conserving onion varieties that are rare or endangered
and Allium species that pose challenges to preservation through conventional seed storage
techniques [81].

4.3. Cryopreservation

For long-term storage of onion germplasm resources in genebanks, the seed storage
system is the most convenient and easiest. In recent years, the efficiency of onion germplasm
management has seen a greater improvement, especially following the development of new
methods such as cryopreservation of Alliums’ genetic resources [82]. Cryopreservation
represents an advanced ex situ preservation method for long-term storage of germplasm,
involving freezing at ultra-low temperatures (—196 °C) in liquid nitrogen media [9,78,83].
This technique has contributed to increased effectiveness in the management of many
crop accessions stored in various genebanks, providing a cheaper approach toenhancing
germplasm health and meticulous characterization and evaluation of accessions [51]. For
Alliums, which do not mainly reproduce by seed, cryopreservation is the most convenient
strategy for their conservation [84]. In onions, this process allows for the preservation of
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various tissues, such as embryonic axes, shoot tips, or dormant bulbs, using cryoprotectants
(Vitrification)to shield them from cellular damage and ice crystal formation [81,85,86].
Cryopreservation enables the storage of germplasm for extended periods, potentially
decades or even centuries, whilst maintaining the genetic integrity and viability of the
stored materials [81,87]. Cryopreservation of onion pollen, for instance, is an effective
strategy for the long-term storage of pollen grains and can be preserved in genebanks
as cryobanks. This development has the potential foronion breeders and commercial
growers [51].

4.4. Field Genebanks

Field genebanks represent an important method of conservation for horticultural
species that produce recalcitrant seeds or reproduce by vegetative means. These categories
of species are generally not amenable to the conservation of their seeds; rather, they are
conserved as live plants in field genebanks [80]. This method entails the cultivation and
maintenance of live plants within selected areas [87]. Field genebanks may house a broad
range of accessions, including wild relatives and landraces, preserving the germplasm
in natural growing conditions. This allows for the preservation, characterization, and
evaluation of interesting traits under specific environmental conditions. Such collections
necessitate continuous management and monitoring to ensure the survival and integrity of
the plants. Onions, particularly those from the aggregatum group such as shallot, which do
not produce seeds, are among the crop species that are conserved in field genebanks [51].
For instance, the Genebank of the Leibniz Institute of Plant Genetics and Crop Plant Re-
search (IPK) in Gatersleben, Germany, which maintains one of the world’s largest Allium
germplasm worldwide, has over 2000 accessions which are permanently maintained in
their field genebank [79]. Also, there are vegetatively propagated species of Allium under
conservation in the field genebank (FGB) of ICAR-NBPGR Regional stations, including
those that are classified as rare, endangered, and threatened [51,88-90]. Though the con-
servation of genetic resources under field genebank conditions requires adequate security
and sustainability measures, the method is beneficial in terms of characterization and
evaluation, which can easily be conducted on established plants [90].

5. Collecting and Conservation Status of Global Onion Genetic Resources

The conservation, cataloging, and utilization of onion germplasm are collaborative
endeavors engaged in by a range of institutions, organizations, and private entities across
the globe [91]. Regardless of whether these efforts are carried out by national or interna-
tional repositories, the overarching goal remains the same: to safeguard and exploit the
inherent genetic diversity of onions for ongoing and future research, breeding, and cultiva-
tion [87,92]. National repositories generally focus on preserving the genetic resources found
within their respective countries. They often house a wide variety of onion accessions
unique to their regions, thereby maintaining the genetic diversity of onion cultivars within
the country [10,93]. These repositories serve as a crucial resource for domestic breeding
and research programs. The international repositories have been instrumental in facilitat-
ing the exchange and sharing of diverse genetic resources among countries [94]. Under
the management of international, regional, and national agricultural institutions, such as
CGIAR (Consultative Group on International Agricultural Research) centers, diverse onion
accessions sourced from different geographical [94].

6. International and National Seed Banks and Germplasm Repositories of Onion

Seed banks and germplasm repositories play an integral role in the collection, preser-
vation, and distribution of onion germplasm, thereby ensuring its availability for conser-
vation, research, or breeding endeavors [39]. Numerous well-established seed banks and
germplasm repositories, spanning both national and international levels, maintain exten-
sive collections of onions and other Allium genetic resources (Table 1). International entities
such as Biodiversity International and the International Treaty on Plant Genetic Resources
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for Food and Agriculture (ITPGRFA) significantly contribute to the orchestration of global
efforts centered on the collection and conservation of onion genetic resources [95]. These
organizations promote international collaboration, facilitate the exchange of germplasm,
and support capacity-building initiatives aimed at enhancing the conservation of diverse
crops, including onion germplasm [95]. Simultaneously, several nations have initiated
their own programs for the collection and conservation of onion genetic resources. These
initiatives strive to document and preserve the diversity of onion cultivars, landraces, and
wild relatives within their boundaries. To ensure the inclusion of a wide range of onion
germplasm, collaborations among research institutes, agricultural organizations, and local
communities need to be embraced.

Collaborations at both regional and international levels have been vital in the collection
and conservation of onion genetic resources [91]. Key players such as the European Coop-
erative Program for Plant Genetic Resources (ECPGR) and the Asian Vegetable Research
and Development Center (AVRDC) are at the forefront of such conservation initiatives [96].
Their efforts through collaborative projects, workshops, and exchanges of genetic materials
foster the pooling of resources and knowledge, thereby enhancing the conservation of onion
genetic resources. The collection and conservation of onion genetic resources is a matter
of global importance, and various initiatives are being conducted across the world [95].
This includes alliances at the regional level that aim to safeguard the genetic diversity of
crops, including onions [82]. These concerted efforts play a critical role in promoting the
sustainable production of these vital crops.

6.1. Europe

In Europe, the collection and conservation of onions” and other Alliums’ genetic
resources is undertaken by a host of countries and institutions Figure 1 [42,58,97]. One
notable organization, the European Cooperative Program for Plant Genetic Resources
(ECPGR), facilitates coordination across Europe to safeguard and make use of onion genetic
diversity [96]. The Spanish genebank, the Vegetable Germplasm Bank of Zaragoza (BGHZ),
harbors large collections of onions, representing a broad source of variability useful for
breeding [98]. Also, seeds of Spanish onion landraces collected from the major onion
production regions, particularly Galicia, have been maintained at the Centro de Investiga-
cionesAgrarias de Mabegondo (A Corufia, Spain) [99]. These organizations prioritize the
collection and conservation of onion landraces, traditional varieties, and wild relatives that
are adapted to regional conditions. Ex situ conservation methods form the cornerstone of
onion conservation strategies in Europe [100].

Other significant contributors to onion germplasm conservation in the region include
institutions like the Nordic Genetic Resource Center (NordGen) in Scandinavia [101,102].
The Nordic Genetic Resources Center (NordGen) represents a genebank for the Nordic
countries (including Denmark, Finland, Iceland, Norway, and Sweden) with the aim to
conserve and promote the sustainable use of genetic diversity present in plant, forest, and
animal species [65,102,103]. Currently, over 80 accessions of aggregatum (or multiplying)
onionshave been collected from home gardens of almost all these Fennoscandian countries
and are maintained at the Nordic Genetic Resources Center, mainly under the ex situ
system [65]. The VIR (All-Russian Institute of Plant Genetic Resources) is one of the largest
genebanksinthe world, harboring a wide variety of Plant Genetic Resources, including
onions [104]. VIR genetic resources collection has been carried out throughglobal, re-
gional, international, and inter-institutional cooperation [105]. Currently, the VIR genebank
contains over 1000 accessions of Allium species, including onions [29,104].

6.2. North America

In North America, a number of institutions and initiatives are involved in the col-
lection and conservation of onion genetic resources, with the most recognized one being
the United States National Plant Germplasm System (USDA-NPGS). The USDA-NPGS,
managed by the United States Department of Agriculture (USDA), is one of the world’s
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largest national genebank networks, with a mandate to preserve a diverse range of plant
genetics resources for global distribution to researchers [106]. This system encompasses
several regional repositories dedicated to the preservation of Plant Genetic Resources,
including onions. The NPGS manages over 500,000 accessions of plant germplasm [106],
of which over 1800 accessions of onion seeds are under preservation in the Germplasm
Repository (Figure 1) situated at Geneva, New Yolk [107]. Also, the Western Regional Plant
Introduction Station (WRPIS) of the National Plant Germplasm System (NPGS) collects,
conserves, and utilizes agriculturally important plant germplasm resources in the United
States [103]. The WRPIS has the mandate to maintain, characterize, evaluate, and dis-
tribute Plant Genetic Resources to different categoriesof users, especially for the purposes
of research and breeding [107]. Currently, the station maintains over 2600 plant species
from 376 genera, including over 1000 accessions of Allium genetic resources, which include
onions vital for developing commercial varieties [103].

6.3. Asia

Asia houses a plethora of significant onion genetic resources under conservation. The
Asian Vegetable Research and Development Center (AVRDC), located in Taiwan, plays an
integral role in conserving onion genetic resources throughout the continent [91]. Exten-
sive onion germplasm collections have been conducted in various locations in India [108].
India’s National Bureau of Plant Genetic Resources (NBPGR) curates a diverse collection
of onion germplasm and actively engages in collaborations with international organiza-
tions [51]. The Indian Council of Agricultural Research-Directorate of Onion and Garlic
Research (ICAR-DOGR) maintains an array of onion collections, encompassing wild rela-
tives of onions and exotic collections Figure 1 [30,108]. In India, the vast majority of the
diverse Allium genetic resource collections are mainly composed of common onions and
garlic [51]. Other countries in the region, such as South Korea, China, and Japan, have
national programs and institutions specifically devoted to the collection and conservation
of onion genetic resources [95].

6.4. Africa

Onion collections originating from countries in Africa, including Nigeria, Mali, Niger,
Egypt, Morocco, Algeria, Sudan, Tunisia, Ethiopia, Kenya, Tanzania, Angola, and South Africa,
are reported [10,37,109]. Rouamba and Currah have reported on onion germplasm collec-
tions, including landrace sin some African countries such as Burkina Faso (38 accessions at
INERA Station de Farako-ba), Niger (16 accessions at Centre’ Regional de RechercheAgricole:
CERRA), (C’oted'IvoireFondio L., Institut des Savanes: IDESSA) and Cameroom (Institut de
RechercheAgronomique, Centre de Foumbot) [109]. The Natural Resources Institute of the UK
has played an instrumental role in promoting onion germplasm collections and conservation
in these Africa countries, a project embarked on under the Darwin Initiative program [109].
These initiatives center around preserving local landraces, wild relatives, and commercially
significant onion cultivars adapted to the diverse agro-ecological zones in the region. By
maintaining this genetic diversity, these institutions play an essential role in safeguarding the
sustainability and resilience of onion cultivation in Africa.

6.5. South America

In South America, both international and national organizations are actively involved
in the collection and conservation of onion genetic resources [110]. They conserve a wide
array of onion cultivars and landraces traditionally cultivated in South America. Brazil
has set up germplasm banks, and the conservation of onion genetic resources forms a key
component of these resources. They engage in regional collaborations aimed at improving
the conservation efforts of onion genetic resources, thus ensuring the sustainable use of
this essential crop’s genetic diversity. In Brazil, Embrapa (Brazilian Agricultural Research
Corporation), a government institution in the country, has played a significant role in
introducing and conserving genetic resources in the country [111].
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6.6. Oceania

For Oceania, the New Zealand Institute of Crop and Food Research is involved in the
onion collection introduction, evaluation, and developmentofonion germplasm derived
from various sources in order to broaden the base of adapted breeding material [112]. In
sum, the task of collecting and conserving onion genetic resources is a global endeavor that
spans diverse regions and climates. This global network of conservation efforts operates
through collaboration, data sharing, and carefully targeted collection missions. As a result,
these initiatives play a critical role in preserving and utilizing the genetic diversity found
within onion species. This not only ensures the sustainability of onion production but also
paves the way for advancements in onion cultivation and breeding techniques around
the world.

Table 1. List of some major Allium genebanks worldwide.

Institute Acronym Institute Code Country No. of Accessions Major Allium spp. Reference

A. cepa, A. sativum,

. . . . A. fistulosum,
ICAR—National Bureau of Plant Genetic Resources - p \BpGR (ICAR-DOR) IND1457 India 2606 A. ampeloprasum, [29,51,104]
(Directorate of Onion and Garlic Research) ampelopras

A. tuberosum

All-Russian Institute of Plant Genetic Resources VIR RUS001 Russia 1888 Allium [29,104]
National Institute of Agrobiological Sciences NIAS JPNO003 Japan 1352 Allium [90,95,104]
'USDA National Plant Germplasm System (NPGS) USDA-NPGS USA003 USA 1304 A. cepa and wild spp. [29,51,104]

Leibniz Institute of Plant Genetics and Crop A. cepa, A. sativum, A. fistulosum, A. ampeloprasum,

Plant Research IPK DEU146 Germany 1264 A. proliferum, A. chinense [51,104]
. A. ampeloprasum, A. sativum, A. cepa, and -
AVRDC—The world Vegetable Center AVRDC TWNO001 Taiwan 1129 N . [29,95,104]
A. ascalonicum
Royal Botanic Gardens RBG GBR004 UK 1100 Allium [29,104]
The Western Regional (W6) Plant Introduction
Station (WRPIS) of the National Plant Germplasm W6/WRPIS USA022 USA 1066 Allium [104]
System (NPGS)
Science andAdvice for Scottish Agriculture SASA GBR165 UK 1005 Allium [104]
Warwick Crop Center/Warwick Genetic Warwick GRU GBRO06 UK 1755 Allium [29,95]
Resources Unit
Research Institute for Plant Production CZE003 Czech Republic Unknown Allium [95]
The Center for Plant Diversity (formally Research - Y -
Centre for Agrobiodiversity) CPD (Formally, RCA) HUNO003 Hungary 380 A. cepa A. sativum, ampeloprasum, A. fistulosum [95]
Center for Genetic Resources (CGN) NLD037 The Netherlands Unkown Allium cepa, Allim ampeloprasurm, Wild Allium [95]

species

Centre for Plant Breeding and Reproduction
Research (CPRO-DLO), Department of Vegetable CPRO-DLO - The Netherlands 11 A. ampeloprasum [51]
and Fruit Crops, Wageningen

TheNordicgenebank NorGen Unknown Nordic countries >80 A. sativum, welsh onion, potato onion [65]

Institute for Plant Genetic Resources, Sadovo IPGR BGR001 Bulgaria 618 A cepa, A. sativum [51]
Plant Genetic Resources Laboratory of Research 5 y 3 -

Institute of Vegetable Crops, Skierniewice InHort POLO30 Poland 144 Acepa [51]

Crop Research Institute, Prague Unknown Czech Republic 157 A. sativum [51]

Vegetable Crop Gene Resources and Germplasm VCGRGE Unknown China 591 A, sativum, A. tuberosun 511

Enhancement, Ministry of Agriculture, Beijing
National Agrobiodiversity Center (NAAS), RDA-NAAS Unknown Republic of Korea 1158 A. satioum 1511
RDA, Suwon
European Cooperative Programme for Plant ECPGR ~ Germany 14,400 Allium 9]

Genetic Resources

7. High-Throughput Phenotyping and Molecular Approaches in Onion Germplasm
Characterization and Evaluation

Effective germplasm characterization and evaluation are essential in harnessing the ge-
netic potential of Allium crops for breeding, conservation, and sustainable agriculture [113,114].
As advancements in technology and methodologies continue, there are improved methods,
including High-Throughput phenotyping systems and molecular techniques that enhance
the accuracy, efficiency, and comprehensiveness of Allium germplasm characterization and
evaluation [113]. This further leads to effective breeding of new genotypes and genetic re-
sources exchange between institutions as well as their distribution to various users.
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7.1. High-Throughput Phenotyping

The plant phenotype encompasses the plant’s characteristics, including morphology,
physiology, and biochemical profiles that reveal the plant’sstructure, composition, and
growth [115,116]. It comprises various agronomic traits such as structure, size, and color, as
well as seed germination [117]. Conventional phenotyping systems are generally laborious
and time-consuming. High-throughput phenotyping methods have already gained much
success in the study of many crop species targeting plant traits such as cells, seeds, shoots,
leaves, roots, individual plants, and canopy [118,119]. The method involves the application
of automated tools such as imaging systems, sensors, and drones for a rapid collection
of phenotypic information from a large number of accessions [115,120]. This approach,
which is non-destructive in nature, facilitates accelerating the assessment of quantitative
traits like plant height, leaf area, and disease resistance, enabling more efficient germplasm
evaluation. Remote sensing technologies, such as hyperspectral imaging and thermal
imaging systems, have particularly served as non-destructive methods to assess the health,
stress, and physiological traits of crops, including onions [120]. The application of these
techniques can provide real-time data on plant responses to environmental factors, thus
accelerating and simplifying the process of crop diversity assessment.

7.2. Molecular Marker Application

Molecular markers are genetic variations in the form of specific DNA sequences that
can easily be detected or discovered in the genomes of organisms [121]. By acting as
signposts on the genome, DNA sequences provide an understanding ofthe genetic or
molecular basis of trait variability, the magnitude of genetic diversity within and between
species, as well as the associations among individuals within populations [122]. Molecular
markers exist in different forms, with the most popularly used markers being Restriction
Fragment Length Polymorphisms (RFLPs) [123], Amplified fragment length polymorphism
(AFLP) [124], Random Amplified Polymorphic DNA (RAPD) [125], Simple Sequence
Repeats (SSRs) [126], Single Nucleotide Polymorphisms (SNPs) [15], and genotyping-by-
sequencing (GBS) [18,29]. These markers have enabledtherapid identification of many
distinct genetic profiles, similarities among accessions, and the selection of specific genes
or traits of interest [18].

In onion breeding, the application of molecular markers provides a fast means to
introgress desirable traits from wild relatives into elite cultivars [110]. Over the past few
years, the application of molecular markers as important tools in onion germplasm char-
acterization and genetic diversity conservation has paved the way for a more effective
and efficient germplasm conservation management as well as the utilization of the crop’s
genetic resources for resilient breeding [125,127,128]. Using molecular markers, many
important novel genes have been introduced into edible species of Allium, and this has
contributed significantly to increasingthe diversity of the crop [14]. Additionally, the appli-
cation of molecular markers hasbeen used for mapping important genomic loci on the onion
genome, and this has facilitated the use of marker-assisted selection methods to enhance
the precision of breeding efforts, such as selecting breeding lines [129,130]. Currently, work
focusing on understanding the percentage of duplications or misclassification within and
between Allium collections requires much research impetus, as the extent of duplication in
the crop is still inadequate.

8. Gaps in Global Onion Genetic Resources Collection

Despite considerable strides in the collection and conservation of onion genetic re-
sources, some gaps and challenges remain to be tackled [51]. These deficiencies underline
the areas requiring additional focus and resources to guarantee a thorough and effective
strategy for collecting and conserving the full spectrum of onion genetic diversity.
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8.1. Underrepresentation of Onion Wild Relatives

Notwithstanding the intuitive value of wild onion relatives as rich sources of genetic
diversity for trait exploitation and improvement of cultivated varieties, their collection and
conservation efforts have been comparatively limited in some regions of the world [51].
This underscores the need for more targeted strategies to identify, collect, and conserve
these wild onion species to harness their genetic diversity and capitalize on their potential
contributions to onion breeding programs [131].

8.2. Regional and Local Diversity

Germplasm collection efforts atsome regional and local levels often predominantly
target commercially significant cultivars or those already used in specific locations [51]. This
focus can result in a lack of representation of regional landraces and local onion varieties
in germplasm collections [108]. To capture the unique genetic traits and adaptability of
these populations, there is a clear need to collect, meticulously document, and conserve the
regional and local diversity of onions [109].

8.3. Limited Access to Traditional Cultivars

Heirloom or traditional onion varieties handed down through generations and typi-
cally conserved by farmers and local communities represent an essential aspect of genetic
diversity. Yet, the conservation and accessibility of these traditional cultivars present a
challenge due to their localized distribution and underrepresentation in seed banks or
germplasm repositories [51]. Thus, enhancing collaboration with local communities to
collect and protect these traditional onion cultivars is a necessity.

8.4. Conservation of Genetic Erosion Hotspots

Genetic erosion is the loss of genetic diversity over time, and this poses remarkable
concern in onion genetic resource preservation efforts. In some regions or communities,
there are higher risks of genetic erosion resulting from a variety of reasons, such as changes
in farming practices, urbanization, socio-economic factors, and the continual harvesting of
wild species [51]. Identifying and targeting these genetic erosion hotspots for collection
and conservation is crucial to prevent the loss of unique onion germplasm [130].

8.5. Characterization and Evaluation Efforts

The meticulous characterization and evaluation of collected germplasm hold equal
importance as the collection process itself [109]. Comprehensive characterization involves
evaluating a broad array of traits, including flavor, nutritional content, and adaptability to
specific environmental conditions. This detailed knowledge enables researchers to make
informed decisions and effectively leverage these genetic resources for the enhancement
of onion varieties [110]. In the realm of onions, it has been suggested that numerous
germplasm have not yet undergone thorough characterization, and many landraces remain
unexplored for potential incorporation into modern breeding programs [18].

8.6. Limited Resources for Conservation

The collection and conservation of onion genetic resources, while undeniably benefi-
cial, necessitate substantial resources encompassing funding, infrastructure, and skilled
personnel [14,131,132]. Many seed banks, germplasm repositories, and research institu-
tions grapple with financial and capacity constraints [132]. There is a pressing need to
bolster resource allocation to achieve efficient conservation of onion germplasm. These
resources extend beyond just infrastructure development and include capacity building
and sustained funding, all of which are instrumental in bridging the current gaps.

8.7. Collaboration and Data Sharing

One crucial gap in onion germplasm management, which applies to other crop
germplasm resources as well, is the optimization of collaboration and data sharing among
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various germplasm repositories, research institutions, and organizations [113]. Inter-
institutional and inter-regional collaborations are indispensable to streamline collection and
preservation efforts, facilitate germplasm exchange, avoid redundancy, and ensure com-
prehensive and efficient conservation of onion genetic diversity. A holistic approach that
fosters partnerships among research institutions, seed banks, farmers, and international
organizations is crucial for addressing the current gaps in global onion genetic resources
collection and conservation [28,111]. Such a coordinated system promotes awareness,
facilitates targeted collection missions, encourages investment in characterization and
evaluation, and aids the effective utilization of onion genetic diversity for sustainable onion
production [4,110].

9. Countrywide Onion Genetic Resource Collection and Conservation Efforts

Assessment of the status of onion genetic resources collection and conservation activi-
ties across various locations within individual countries yields valuable insights into efforts
made towards preserving onion diversity. These assessments facilitate the identification of
existing gaps, assist in prioritizing conservation activities, and promote the sustainable use
of onion genetic resources. By paying close attention to nationwide assessments of onion
genetic resources collection and conservation, we can gain a comprehensive understanding
of onion diversity, identify conservation priorities, and develop targeted strategies to ensure
the preservation and sustainable use of onion genetic resources. Such assessments form the
foundation of effective conservation programs and contribute to the resilience, productivity,
and cultural heritage associated with onion cultivation.

9.1. Inventory of Onion Germplasm

A comprehensive inventory is vital for assessing the breadth of onion genetic resources
collected and conserved within a country. This process requires gathering information on
existing germplasm collections from seed banks, germplasm repositories, research institu-
tions, and private collections. The inventory should document the number of accessions,
categorizing their origin (be it wild relatives, landraces, or cultivars), and should include
associated data such as geographical and ecological information, morphological traits, and
molecular characterizations, where available.

9.2. Documentation of Onion Cultivar Diversity

A nationwide assessment should encompass documentation of the diversity of onion
cultivars present within the country. This involves conducting surveys with farmers, seed
companies, and local communities to identify and describe traditional onion varieties,
landraces, and heirloom cultivars cultivated across various regions. Comprehensive infor-
mation on their cultivation practices, adaptability to local conditions, flavor profiles, and
uses should be collected to capture the full scope of onion genetic resources.

9.3. Evaluation of Onion Genetic Erosion

Evaluating the extent of genetic erosion is essential to comprehend the conservation
requirements of onion genetic resources. This process entails pinpointing areas or commu-
nities where traditional onion varieties face the risk of extinction due to shifts in agricultural
practices, urbanization, or socio-economic factors. Surveys and interviews with farmers
and local communities can yield insights into the pace and triggers of genetic erosion,
thereby enabling the prioritization of conservation initiatives in regions most at risk.

9.4. Gap Analysis and Prioritization

The analysis of collected data aids in identifying gaps in the collection and conser-
vation of onion genetic resources. This initiative facilitates the pinpointing of regions,
genetic traits, or specific onion varieties that are underrepresented or at imminent risk of
loss [130]. Prioritizing these identified gaps enables the development of targeted conserva-
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tion strategies, which can focus on specific areas for further collection missions, systematic
documentation, and dedicated preservation efforts.

9.5. Conservation Strategies and Initiatives

Upon a thorough assessment, strategies and initiatives for conservation can be con-
ceptualized and executed. These might entail the establishment or improvement of seed
banks, germplasm repositories, or in situ conservation sites specifically for onion genetic
resources. It is pivotal to foster collaborations among research institutions, agricultural
organizations, and local communities for the successful implementation of these strategies.
Additionally, initiatives like public awareness campaigns, farmer education programs, and
policy reinforcement to promote seed preservation and sustainable agricultural practices
can significantly contribute to onion conservation efforts.

9.6. International Collaboration

Although country-wide assessments primarily concentrate on national endeavors,
nurturing international collaboration and experience sharing is equally critical [109]. Coop-
eration with international organizations, genebanks, and regional networks facilitates the
exchange of germplasm, knowledge, and best practices [109]. Participation in global initia-
tives, like the International Treaty on Plant Genetic Resources for Food and Agriculture
(ITPGRFA), empowers countries to contribute to and benefit from the broader conservation
and utilization of onion genetic resources [95].

10. Conclusions, Recommendations, and Future Perspectives

The conservation and global distribution of crop germplasm are essential for ensuring
agricultural sustainability and future food security. Onion genetic resources, including lan-
draces, wild relatives, and cultivated varieties, hold valuable traits for crop improvement
and market diversification. Preserving and utilizing onion genetic diversity can enhance the
resilience of onion production systems, improve crop performance, and address emerging
challenges such as climate change, pests, and diseases. To achieve this, targeted collection
missions should be undertaken to expand and diversify onion germplasm collections.
Special attention should be given to areas with high onion diversity, including regions with
unique ecotypes, landraces, and wild relatives. Collaborating with local or indigenous com-
munities and research institutions can strengthen collection efforts and ensure the inclusion
of valuable onion genetic resources. Additionally, establishing and strengthening conserva-
tion networks and collaborations at regional, national, and international levels is crucial.
Sharing germplasm management expertise and best practices among genebanks, research
institutions, and local communities can optimize germplasm conservation efforts. Collabo-
rative projects, data-sharing platforms, and capacity-building initiatives will enhance the
effectiveness and impact of onion germplasm conservation. In the context of genebank
management of onion germplasm, ensuring accurate and comprehensive documentation is
essential, as it serves as a prerequisite for effective conservation and utilization.

Author Contributions: Manuscript draft preparation, project administration, funding acquisition
and supervision: S.-H.K.; review and editing, K.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a grant allocated to S.-H.K. from the National Institute of Agri-
cultural Sciences (Project No. PJ01672205), the Rural Development Administration, Republic of Korea.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2023, 12, 3294 15 of 19

References

1. Fu,]; Zhang, H.; Guo, F; Ma, L.; Wu, J; Yue, M,; Zheng, X,; Qiu, Z.; Li, L. Identification and characterization of abundant
repetitive sequences in Allium cepa. Sci. Rep. 2019, 9, 16756. [CrossRef] [PubMed]

2. Huo, Y; Gao, L; Liu, B.; Yang, Y,; Kong, S.; Sun, Y.; Yang, Y.; Wu, X. Complete chloroplast genome sequences of four Allium
species: Comparative and phylogenetic analyses. Sci. Rep. 2019, 9, 12250. [CrossRef] [PubMed]

3. Havey, M.]. Onion breeding. Plant Breed. Rev. 2018, 42, 39-85. [CrossRef]

4. Kiani, Z.; Mashayekhi, K.; Golubkina, N.; Mousavizadeh, S.J.; Nezhad, K.Z.; Caruso, G. Agronomic, physiological, genetic and
phytochemical characteristics of onion varieties influenced by daylength requirements. Agriculture 2023, 13, 697. [CrossRef]

5. Fayos, O.; Echavarri, B.; Vallés, M.P.; Mallor, C.; Garcés-Claver, A.; Castillo, A.M. A simple and efficient method for onion pollen
preservation: Germination, dehydration, storage conditions, and seed production. Sci. Hortic. 2022, 305, 111358. [CrossRef]

6. Khade, Y.P,; Salunkhe, S.R.; Manjunathagowda, D.C.; Sinhasane, S.R.; MahidarGowd, T.Y.; Mahajan, V.; Singh, M. Molecular
characterization of short-day onion genotypes by intron length polymorphic (ILP) markers. Genet. Resour. Crop Evol. 2022, 69,
2077-2086. [CrossRef]

7. Yusupov, Z.; Deng, T.; Volis, S.; Khassanov, F.; Makhmudjanov, D.; Tojibaev, K.; Sun, H. Phylogenomics of Allium section Cepa
(Amaryllidaceae) provides new insights on domestication of onion. Plant Divers. 2021, 43, 102-110. [CrossRef]

8.  Manjunathagowda, D.C.; Muthukumar, P.; Gopal, J.; Prakash, M.; Bommesh, J.C.; Nagesh, G.C.; Megharaj, K.C.; Manjesh, G.N;
Anjanappa, M. Male sterility in onion (Allium cepa L.): Origin: Origin, evolutionary status, and their prospectus. Genet. Resour.
Crop Evol. 2021, 68, 421-439. [CrossRef]

9.  Mehta, I. Origin and history of onions. IOSR J. Humanit. Soc. Sci. 2017, 22, 7-10.

10. Lyngkhoi, F; Saini, N.; Gaikwad, A.B.; Thirunavukkarasu, N.; Verma, P; Silvar, C.; Yadav, S.; Khar, A. Genetic diversity and
population structure in onion (Allium cepa L.) accessions based on morphological and molecular approaches. Physiol. Mol. Biol.
Plants 2021, 27, 2517-2532. [CrossRef]

11. Kazimierczak, R.; Srednicka-Tober, D.; Barariski, M.; Hallmann, E.; Géralska-Walczak, R.; Kopczyriska, K.; Rembiatkowska,
E.; Gorski, J.; Leifert, C.; Rempelos, L. The effect of different fertilization regimes on yield, selected nutrients, and bioactive
compounds profiles of onion. Agronomy 2021, 11, 883. [CrossRef]

12.  Taglienti, A.; Araniti, F; Piscopo, A.; Tiberini, A. Characterization of volatile organic compounds in ‘rossa di tropea’ onion by
means of headspace solid-phase microextraction gas chromatography—-mass spectrometry (HS/SPME GC-MS) and Sensory
Analysis. Agronomy 2021, 11, 874. [CrossRef]

13.  Havey, M.]J.; Ghavami, F. Informativeness of single nucleotide polymorphisms and relationships among onion populations from
important world production regions. J. Am. Soc. Hortic. Sci. 2018, 143, 34—44. [CrossRef]

14. Benke, A.P; Mahajan, V.; Manjunathagowda, D.C.; Mokat, D.N. Interspecific hybridization in Allium crops: Status and prospectus.
Genet. Resour. Crop Evol. 2022, 69, 1-9. [CrossRef]

15.  Jo, ].; Purushotham, PM.; Han, K.; Lee, H.-R.; Nah, G.; Kang, B.-C. Development of a genetic map for onion (Allium cepa L.) using
reference-free genotyping-by-sequencing and SNP assays. Front. Plant Sci. 2017, 8, 1606. [CrossRef] [PubMed]

16. FAOSTAT. Onion Production, Area and Productivity. 2021. Available online: http://www.fao.org/faostat/en/#data/QC
(accessed on 12 September 2023).

17.  Cramer, C.S.; Mandal, S.; Sharma, S.; Nourbakhsh, S.S.; Goldman, I.; Guzman, I. Recent advances in onion genetic improvement.
Agronomy 2021, 11, 482. [CrossRef]

18.  Villano, C.; Esposito, S.; Carucci, E; Iorizzo, M.; Frusciante, L.; Carputo, D.; Aversano, R. High-throughput genotyping in onion
reveals structure of genetic diversity and informative SNPs useful for molecular breeding. Mol. Breed. 2019, 39, 5. [CrossRef]

19. Ren, F; Zhou, S. Phenolic components and health beneficial properties of onions. Agriculture 2021, 11, 872. [CrossRef]

20. Ahmed, M,; Hayat, R.; Ahmad, M.; Ul-Hassan, M.; Kheir, A.M.; Ul-Hassan, F.; Ur-Rehman, M.H.; Shaheen, FA.; Raza, M.A.;
Ahmad, S. Impact of climate change on dryland agricultural systems: A review of current status, potentials, and further work
need. Int. J. Plant Prod. 2022, 16, 341-363. [CrossRef]

21. Su, Y,; Gabrielle, B.; Makowski, D. The impact of climate change on the productivity of conservation agriculture. Nat. Clim. Chang.
2021, 11, 628-633. [CrossRef]

22. Priyanka, V.; Kumar, R.; Dhaliwal, I.; Kaushik, P. Germplasm conservation: Instrumental in agricultural biodiversity—A review.
Sustainability 2021, 13, 6743. [CrossRef]

23. Idhan, A. Adaptation of Fourteen Varieties of Red Onion (Allium ascalonicum L.) in The Plateau. |. Agric. Environ. Stud. 2022,
3, 50-57. [CrossRef]

24. Mondal, R.; Kumar, A. Crop Germplasm: Molecular and Physiological Perspective towards Achieving Global Crop Sustainability.
Prepr. Crop Germplasm Glob. Sustain. 2021, 2021070359. [CrossRef]

25.  Chin, H.F; Quek, P; Sinniah, U.R. Seed Banks for Future Generation. In Conservation of Tropical Plant Species; Springer: New York,
NY, USA, 2021; pp. 43-63. [CrossRef]

26. Mondal, R.; Kumar, A.; Gnanesh, B.N. Crop germplasm: Current challenges, physiological-molecular perspective, and advance
strategies towards development of climate-resilient crops. Heliyon 2023, 9, €12973. [CrossRef] [PubMed]

27. Hanson, J.; Ellis, R.H. Progress and challenges in ex situ conservation of forage germplasm: Grasses, herbaceous legumes and

fodder trees. Plants 2020, 9, 446. [CrossRef] [PubMed]


https://doi.org/10.1038/s41598-019-52995-9
https://www.ncbi.nlm.nih.gov/pubmed/31727905
https://doi.org/10.1038/s41598-019-48708-x
https://www.ncbi.nlm.nih.gov/pubmed/31439882
https://doi.org/10.1002/9781119521358.ch2
https://doi.org/10.3390/agriculture13030697
https://doi.org/10.1016/j.scienta.2022.111358
https://doi.org/10.1007/s10722-022-01398-3
https://doi.org/10.1016/j.pld.2020.07.008
https://doi.org/10.1007/s10722-020-01077-1
https://doi.org/10.1007/s12298-021-01101-3
https://doi.org/10.3390/agronomy11050883
https://doi.org/10.3390/agronomy11050874
https://doi.org/10.21273/JASHS04277-17
https://doi.org/10.1007/s10722-021-01283-5
https://doi.org/10.3389/fpls.2017.01606
https://www.ncbi.nlm.nih.gov/pubmed/28959273
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.3390/agronomy11030482
https://doi.org/10.1007/s11032-018-0912-0
https://doi.org/10.3390/agriculture11090872
https://doi.org/10.1007/s42106-022-00197-1
https://doi.org/10.1038/s41558-021-01075-w
https://doi.org/10.3390/su13126743
https://doi.org/10.32996/jeas.2022.3.1.6
https://doi.org/10.20944/preprints202107.0359.v1
https://doi.org/10.1007/978-1-4614-3776-5_3
https://doi.org/10.1016/j.heliyon.2023.e12973
https://www.ncbi.nlm.nih.gov/pubmed/36711267
https://doi.org/10.3390/plants9040446
https://www.ncbi.nlm.nih.gov/pubmed/32252434

Plants 2023, 12, 3294 16 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

Agic, R.; Popsimonova, G.; Vasi¢, M.; Varga, ].G.; Todorovic, V.; Neykov, S.; Balliu, A.; Matotan, Z.; Karic, L.; Calin, M.; et al.
Collecting of onion (Allium cepa L.) and leek (Allium porrum L.) landaraces in south eastern europe for further ex-situ conservation
2015. Available online: https://www.researchgate.net/publication/311081345 (accessed on 19 August 2023).

Khosa, J.S.; McCallum, J.; Dhatt, A.S.; Macknight, R.C. Enhancing onion breeding using molecular tools. Plant Breed. 2015,
135, 9-20. [CrossRef]

Gedam, P.A.; Thangasamy, A.; Shirsat, D.V.; Ghosh, S.; Bhagat, K.P.; Sogam, O.A.; Gupta, A.J.; Mahajan, V.; Soumia, P.S,;
Salunkhe, V.N.; et al. Screening of onion (Allium cepa L.) genotypes for drought tolerance using physiological and yield based
indices through multivariate analysis. Front. Plant Sci. 2021, 12, 600371. [CrossRef] [PubMed]

Cramer, C.S,; Singh, N.; Kamal, N.; Pappu, H.R. Screening onion plant introduction accessions for tolerance to onion thrips and
iris yellow spot. HortScience 2014, 49, 1253-1261. [CrossRef]

Tas, K.; Balkaya, A. Determination of morphological variation by principal component analysis and characterization of the
Capsicum chinense genetic resources. Ekin J. Crop Breed. Genet. 2021, 7, 86-105.

McCallum, J.; Thomson, S.; Pither-Joyce, M.; Kenel, F.; Clarke, A.; Havey, M.]. Genetic Diversity Analysis and Single-nucleotide
Polymorphism Marker Development in Cultivated Bulb Onion Based on Expressed Sequence Tag-Simple Sequence Repeat
Markers. J. Am. Soc. Hortic. Sci. 2008, 133, 810-818. [CrossRef]

Gurushidze, M.; Mashayekhi, S.; Blattner, ER.; Friesen, N.; Fritsch, R.M. Phylogenetic relationships of wild and cultivated species
of Allium section Cepa inferred by nuclear rDNA ITS sequence analysis. Plant Syst. Evol. 2007, 269, 259-269. [CrossRef]

Packia, L.; Viveka, N.C.J. Phenotypic and genetic diversity of South Indian Allium sp. (A.cepa and A.sativum) by molecular
fingerprinting to select the superior germplasm. Indian J. Appl. Res. 2011, 4, 21-24. [CrossRef]

Neelam, S.; Vinod, K.; Medagam, T.R.; Venkateshwaran, K. Phenotypic diversity and genetic variation within a collection of
onion Allium cepa L. germplasm from Peninsular India. Electron. . Plant Breed. 2014, 5, 743-751.

Mallor, G.C.; Carravedo, EM.; Estopafian, M.G.; Mallor, G.F. Characterization of genetic resources of onion (Allium cepa L.) from
the Spanish secondary centre of diversity. Span. J. Agric. Res. 2011, 9, 144-155. [CrossRef]

Mousavizadeh, S.A.; Mahmoud, T.; Mohammad, M.; Mohammadi, S.A.; Masiha, S. Diversity in Iranian onion landraces using
RAPD markers. J. Agric. Sci. 2006, 16, 265-272.

Manjunathagowda, D.C. Genetic enhancement of onion germplasm through population improvement. Plant Physiol. Rep. 2022,
27,73-80. [CrossRef]

Keusgen, M; Fritsch, R.M.; Hisoriev, H.; Kurbonova, P.A.; Khassanov, EO. Wild Allium species (Alliaceae) used in folk medicine
of Tajikistan and Uzbekistan. ]. Ethnobiol. Ethnom. 2006, 2, 18. [CrossRef]

Gowd, T.Y.M.; Deo, C.; Manjunathagowda, D.C.; Mahajan, V.; Bhutia, N.D.; Singh, B. Allelic variability and transferability of atp6
gene among Allium species. Genet. Resour. Crop Evol. 2022, 70, 281-287. [CrossRef]

Rivera, A.; Mallor, C.; Garcés-Claver, A.; Garcia-Ulloa, A.; Pomar, E; Silvar, C. Assessing the genetic diversity in onion (Alliumcepa
L.) landraces from northwest Spain and comparison with the European variability. N. Z. J. Crop Hortic. Sci. 2016, 44, 103-120.
[CrossRef]

Kisha, T.J.; Cramer, C.S. Determining Redundancy of Short-day Onion Accessions in a Germplasm Collection Using Microsatellite
and Targeted Region Amplified Polymorphic Markers. J. Am. Soc. Hortic. Sci. 2011, 136, 129-134. [CrossRef]

Korpelainen, H. The Role of Home Gardens in Promoting Biodiversity and Food Security. Plants 2023, 12, 2473. [CrossRef]
[PubMed]

Chuda, A. Hybridization and molecular characterization of F1 Allium cepax Allium roylei plants. Acta Biol. Crac. Ser. Bot. 2012,
54,25-31. [CrossRef]

Chuda, A.; Grzebelus, E.; Adamus, A. Experiments of backcrossing of interspecific F1 A. cepax A. roylei hybrids with Allium cepa.
Acta Hortic. 2012, 969, 113-116. [CrossRef]

Chuda, A.; Klosowska, K.; Adamus, A. Morphological, cytological and embryological characterization of F1 A.cepax A.roylei
hybrids. Acta Biol.Crac. Ser. Bot. 2015, 57, 98-105. [CrossRef]

Araki, N.; Masuzaki, S.-1.; Tsukazaki, H.; Yaguchi, S.; Wako, T.; Tashiro, Y.; Yamauchi, N.; Shigyo, M. Development of microsatellite
markers in cultivated and wild species of sections Cepa and Phyllodolon in Allium. Euphytica 2009, 173, 321-328. [CrossRef]

van Raamsdonk, L.W.D.; Ensink, W.; van Heusden, A.W.; Vrielink-van Ginkel, M.; Kik, C. Biodiversity assessment based on
cpDNA and crossability analysis in selected species of Allium subgenus Rhizirideum. Theor. Appl. Genet. 2003, 107, 1048-1058.
[CrossRef] [PubMed]

Budylin, M.; Kan, L.Y.; Romanov, V.; Khrustaleva, L. GISH study of advanced generation of the interspecific hybrids between
Allium cepa L. and Allium fistulosum L. with relative resistance to downy mildew. Russ. ]. Genet. 2014, 50, 387-394. [CrossRef]
Pandey, A.; Malav, PX.; Semwal, D.; Chander, S.; Gowthami, R.; Rai, K. Repository of Allium Genetic Resources at ICAR-NBPGR:
Prospects and Challenges for Collection and Conservation. Indian J. Plant Genet. Resour. 2022, 35, 185-190. [CrossRef]

Scholten, O.E.; van Kaauwen, M.P; Shahin, A.; Hendrickx, PM.; Keizer, L.; Burger, K.; van Heusden, A.W.; van der Linden, C.G;
Vosman, B. SNP-markers in Allium species to facilitate introgression breeding in onion. BMC Plant Biol. 2016, 16, 187. [CrossRef]
Casanias, F; Sim6, J.; Casals, J.; Prohens, J. Toward an evolved concept of landrace. Front. Plant Sci. 2017, 8, 145. [CrossRef]
Corrado, G.; Rao, R. Towards the genomic basis of local adaptation in landraces. Diversity 2017, 9, 51. [CrossRef]

Azeez, M.A.; Adubi, A.O.; Durodola, F.A. Landraces and crop genetic improvement. In Rediscovery of Landraces as a Resource for
the Future; IntechOpen: London, UK, 2018.


https://www.researchgate.net/publication/311081345
https://doi.org/10.1111/pbr.12330
https://doi.org/10.3389/fpls.2021.600371
https://www.ncbi.nlm.nih.gov/pubmed/33633759
https://doi.org/10.21273/HORTSCI.49.10.1253
https://doi.org/10.21273/JASHS.133.6.810
https://doi.org/10.1007/s00606-007-0596-0
https://doi.org/10.15373/2249555X/FEB2014/9
https://doi.org/10.5424/sjar/20110901-149-10
https://doi.org/10.1007/s40502-022-00646-z
https://doi.org/10.1186/1746-4269-2-18
https://doi.org/10.1007/s10722-022-01475-7
https://doi.org/10.1080/01140671.2016.1150308
https://doi.org/10.21273/JASHS.136.2.129
https://doi.org/10.3390/plants12132473
https://www.ncbi.nlm.nih.gov/pubmed/37447034
https://doi.org/10.2478/v10182-012-0016-9
https://doi.org/10.17660/ActaHortic.2012.969.13
https://doi.org/10.1515/abcsb-2015-0025
https://doi.org/10.1007/s10681-009-0087-1
https://doi.org/10.1007/s00122-003-1335-8
https://www.ncbi.nlm.nih.gov/pubmed/12827253
https://doi.org/10.1134/S1022795414040036
https://doi.org/10.5958/0976-1926.2022.00066.3
https://doi.org/10.1186/s12870-016-0879-0
https://doi.org/10.3389/fpls.2017.00145
https://doi.org/10.3390/d9040051

Plants 2023, 12, 3294 17 of 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

Romo-Pérez, M.; Weinert, C.; HauBler, M.; Egert, B.; Frechen, M.; Trierweiler, B.; Kulling, S.; Zérb, C. Metabolite profiling of onion
landraces and the cold storage effect. Plant Physiol. Biochem. 2020, 146, 428-437. [CrossRef] [PubMed]

Sofi, P.A.; Zargar, S.M.; Mir, R.A,; Salgotra, R.K. Role of genebanks in maintaining crop genetic resources. In Rediscovery of Genetic
and Genomic Resources for Future Food Security; Springer: Singapore, 2020; pp. 211-224. [CrossRef]

Petropoulos, S.A.; Fernandes, A.; Barros, L.; Ferreira, 1.C.; Ntatsi, G. Morphological, nutritional and chemical description of
“Vatikiotiko”, an onion local landrace from Greece. Food Chem. 2015, 182, 156-163. [CrossRef] [PubMed]

Wohleb, C.H.; Waters, T.D. Yield, quality, and storage characteristics of onion cultivars in the Columbia basin of Washington in
2012-14. HortTechnology 2016, 26, 230-243. [CrossRef]

Scholten, O.E.; van Heusden, A.W.; Khrustaleva, L.I.; Burger-Meijer, K.; Mank, R.A.; Antonise, R.G.C.; Harrewijn, J.L,;
Van Haecke, W.; Oost, E.-H.; Peters, R.].; et al. The long and winding road leading to the successful introgression of downy mildew
resistance into onion. Euphytica 2007, 256, 345-353. [CrossRef]

Fritsch, R.M.; Friesen, N. Evolution, domestication and taxonomy. In Allium Crop Science: Recent Advances; Rabinowitch, H.D.,
Currah, L., Eds.; CAB International: Wallingford, UK, 2002; pp. 5-30.

Lee, J.-H.; Robin, A.; Natarajan, S.; Jung, H.-J.; Nou, I.-S. Varietal identification of open-pollinated onion cultivars using a
nanofluidic array of single nucleotide polymorphism (SNP) markers. Agronomy 2018, 8, 179. [CrossRef]

Bagci, A.; Balkaya, A.; Karaagac, O.; Kandemir, D. Phenotypic diversity of red and white onion genetic resources collected from
different countries. Ekin |. 2022, 8, 86—100.

Vetrivel, M.; Amutha, R.; Kalarani, M.K.; Paramaguru, P,; Rajanbabu, V. Screening of big onion varieties for sodicity tolerance at
Cauvery Delta Zone in South India. Int. J. Plant Soil Sci. 2022, 34, 818-826. [CrossRef]

Leino, M.W.; Solberg, S.0.; Tunset, H.M.; Fogelholm, J.; Strese, E.-M.K.; Hagenblad, J. Patterns of exchange of multiplying onion
(Allium cepa L. Aggregatum-Group) in Fennoscandian Home Gardens. Econ. Bot. 2018, 72, 346-356. [CrossRef]

Sathiyamurthy, V.A.T.S.; Harish, S.N.A.T. Review on Aggregatum Onion (Allium cepa L. var. aggregatum Don.). Int. ]. Curr.
Microbiol. Appl. Sci. 2017, 6, 1649-1667. [CrossRef]

Vetrivel, M.; Amutha, R.; Kalarani, M.K.; Paramaguru, P.; Rajanbabu, V. Screening of aggregatum onion varieties for sodicity
tolerance. Int. . Environ. Clim. Chang. 2022, 12, 3254-3263. [CrossRef]

Rabinowitch, H.D. Shallot (Allium cepa L. Aggregatum Group) breeding. In Advances in Plant Breeding Strategies: Vegetable Crops;
Springer: Berlin/Heidelberg, Germany, 2022; pp. 99-154. [CrossRef]

Jones, H.A.; Mann, L.K. Onions and Their Allies: Botany, Cultivation and Utilization; Leonard Hill: London, UK; Interscience:
New York, NY, USA, 1963; 285p.

Karaagag, O.; Balkaya, A. Phenotypic diversity of red and white onion genetic resources collected from different countries. Ekin J.
Crop Breed. Genet. 2017, 23, 8-15.

Pandotra, P.; Gupta, S. Biotechnological approaches for conservation of plant genetic resources and traditional knowledge. In
Plant Genetic Resources and Traditional Knowledge for Food Security; Salgotra, R.K., Gupta, B.B., Eds.; Springer: Berlin/Heidelberg,
Germany, 2015.

Ebert, A.W.; Engels, ] M.M. Plant Biodiversity and Genetic Resources Matter! Plants 2020, 9, 1706. [CrossRef] [PubMed]
Thrupp, L.A. Linking agricultural biodiversity and food security: The valuable role of agrobiodiversity for sustainable agriculture.
Int. Aff. 2000, 76, 265-281. [CrossRef] [PubMed]

Solberg, S.J.; Yndgaard, F.; Andreasen, C.; von Bothmer, R.; Loskutov, L.G.; Asdal, A Long-term storage and longevity of
orthodox seeds: A Systematic Review. Front. Plant Sci. 2020, 11, 1007. [CrossRef] [PubMed]

Gonzalez-Pérez, S.; Mallor, C.; Garcés-Claver, A.; Merino, E; Taboada, A.; Rivera, A.; Pomar, E; Perovic, D.; Silvar, C. Exploring
genetic diversity and quality traits in a collection of onion (Allium cepa L.) landraces from north-west Spain. ABI Genet. 2015,
47, 885-900. [CrossRef]

Pirata, M. Fitogenetic Resources Conservation in Seed Banks—Review. Rev. Cienc. Agrar. 2020, 43, 343-351.

Chauhan, R.; Singh, V.; Quraishi, A. In vitro conservation through slow-growth storage. In Synthetic Seeds; Springer: Cham,
Switzerland, 2019; pp. 397—416. [CrossRef]

Panis, B.; Nagel, M.; Van den Houwe, I. Challenges and prospects for the conservation of crop genetic resources in field genebanks,
in in vitro collections and/or in liquid nitrogen. Plants 2020, 9, 1634. [CrossRef]

Espinosa-Leal, C.A.; Puente-Garza, C.A.; Garcia-Lara, S. In vitro plant tissue culture: Means for production of biological active
compounds. Planta 2018, 248, 1-18. [CrossRef]

Rajasekharan, P.E.; Sahijram, L. In vitro conservation of plant germplasm. In Plant Biology and Biotechnology; Bahadur, B.,
VenkatRajam, M., Sahijram, L., Krishnamurthy, K.V., Eds.; Volume II: Plant Genomics and Biotechnology; Springer:
Berlin/Heidelberg, Germany, 2015.

Keller, E.R.]J.; Kik, C. Allium genetic resources. In Allium Genomes; Springer: Berlin/Heidelberg, Germany, 2018; pp. 23-52.
[CrossRef]

Murray, K.A.; Gibson, M.I. Chemical approaches to cryopreservation. Nat. Rev. Chem. 2022, 6, 579-593. [CrossRef]

Pandav, A K.; Saha, K.; Rajasekharan, P.E. Onion (Allium cepa L.) Pollen Cryopreservation Protocol. In Pollen Cryopreservation
Protocols; Rajasekharan, P., Rohini, M., Eds.; Humana: New York, NY, USA, 2023; Springer Protocols Handbooks. [CrossRef]
Misianikova, A.; Zubricka, D.; Petijova, L.; Brunakova, K,; Cellarova, E. Effect of cryoprotectant solution and of cooling rate on
crystallization temperature in cryopreserved Hypericumperforatum cell suspension cultures. Cryo-Lett. 2016, 37, 173-187.


https://doi.org/10.1016/j.plaphy.2019.11.007
https://www.ncbi.nlm.nih.gov/pubmed/31810055
https://doi.org/10.1007/978-981-15-0156-2_6
https://doi.org/10.1016/j.foodchem.2015.03.002
https://www.ncbi.nlm.nih.gov/pubmed/25842322
https://doi.org/10.21273/HORTTECH.26.2.230
https://doi.org/10.1007/s10681-007-9383-9
https://doi.org/10.3390/agronomy8090179
https://doi.org/10.9734/ijpss/2022/v34i2131336
https://doi.org/10.1007/s12231-018-9426-2
https://doi.org/10.20546/ijcmas.2017.604.201
https://doi.org/10.9734/ijecc/2022/v12i111373
https://doi.org/10.1007/978-3-030-66965-2_3
https://doi.org/10.3390/plants9121706
https://www.ncbi.nlm.nih.gov/pubmed/33291549
https://doi.org/10.1111/1468-2346.00133
https://www.ncbi.nlm.nih.gov/pubmed/18383639
https://doi.org/10.3389/fpls.2020.01007
https://www.ncbi.nlm.nih.gov/pubmed/32719707
https://doi.org/10.2298/GENSR1503885G
https://doi.org/10.1007/978-3-030-24631-0_19
https://doi.org/10.3390/plants9121634
https://doi.org/10.1007/s00425-018-2910-1
https://doi.org/10.1007/978-3-319-95825-5_3
https://doi.org/10.1038/s41570-022-00407-4
https://doi.org/10.1007/978-1-0716-2843-0_23

Plants 2023, 12, 3294 18 of 19

85.
86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Jaiswal, A.N.; Vagga, A. Cryopreservation: A Review Article. Cureus 2022, 14, e31564. [CrossRef] [PubMed]

Normah, M.N.; Sulong, N.; Reed, B.M. Cryopreservation of shoot tips of recalcitrant and tropical species: Advances and strategies.
Cryobiology 2019, 87, 1-14. [CrossRef] [PubMed]

Engels, ] M.M.; Thormann, I. Main Challenges and Actions Needed to Improve Conservation and Sustainable Use of Our Crop
Wild Relatives. Plants 2020, 9, 968. [CrossRef] [PubMed]

Semwal, D.P,; Pandey, A.; Ahlawat, S.P. Genetic resources of genus Allium in India: Collection status, distribution and diversity
mapping using GIS tools. Indian ]. Plant Genet. Resour. 2021, 34, 206-215. [CrossRef]

Negi, K.S. Allium species in Himalayas and their uses with special reference to Uttaranchal. Ethnobotany 2006, 18, 53—66.

Reed, B.M.; Engelmann, F,; Dulloo, M.E.; Engels, ] M.M. Technical Guidelines for The Management of Field and In Vitro Germplasm
Collections; International Plant Genetics Resources Institute: Rome, Italy, 2004.

Keller, E.R.]J.; Zanke, C.D.; Blattner, ER.; Kik, C.; Stavélikova, H.; Zamec¢nik, J.; Esnault, F.; Kotliniska, T.; Solberg, S.; Miccolis, V.
EURALLIVEG: Establishment of a European core collection by cryopreservation and virus elimination in garlic. Acta Hortic. 2012,
969, 319-327. [CrossRef]

Andelkovi¢, V.,; Cveji¢, S.; Joci¢, S.; Kondié—gpika, A.; Marjanovi¢Jeromela, A.; Miki¢, S.; Prodanovi¢, S.; Radanovi¢, A.;
Savi¢ Ivanov, M.; Trkulja, D.; et al. Use of plant genetic resources in crop improvement—Example of Serbia. Genet. Resour. Crop
Ewol. 2020, 67, 1935-1948. [CrossRef]

Anjula, P.A.P; Pradheep, K.; Negi, K.S. Onion and related taxa: Ecogeographical distribution and genetic resources in the Indian
subcontinent. In Plant Biodiversity: Monitoring, Assessment and Conservation; CABIL: Wallingford, UK, 2016; pp. 429-442. [CrossRef]
Galluzzi, G.; Halewood, M.; Noriega, LL.; Vernooy, R. Twenty-five years of international exchanges of plant genetic resources
facilitated by the CGIAR genebanks: A case study on global interdependence. Biodivers. Conserv. 2016, 25, 1421-1446. [CrossRef]
Thormann, I; Engels, ] M.M.; Halewood, M. Are the old International Board for Plant Genetic Resources (IBPGR) base collections
available through the Plant Treaty’s multilateral system of access and benefit sharing? A review. Genet. Resour. Crop Evol. 2019,
66, 291-310. [CrossRef]

ECPGR 2009. A Strategic Framework for the Implementation of a European Genebank Integrated System (AEGIS). A Policy Guide. European
Cooperative Programme for Plant Genetic Resources (ECPGR); Bioversity International: Rome, Italy, 2009.

Maggioni, L.; Keller, J.; Astley, D. European Collections of Vegetatively Propagated Allium; Report of a Workshop; European
Cooperative Programme for Crop Genetic Resources Networks: Gatersleben, Germany, 2001; pp. 21-22.

Mallor, C.; Arnedo-Andrés, M.S.; Garcés-Claver, A. Assessing the genetic diversity of Spanish Allium cepa landraces for onion
breeding using microsatellite markers. Sci. Hortic. 2014, 170, 24-31. [CrossRef]

Rivera-Martinez, A.; Fernandez-Paz, J.; Andrés—Ares, ].L. Evaluation of local onion lines from North-West Spain. Span. J. Agric.
Res. 2005, 3, 90-97. [CrossRef]

Rungis, D.; Leino, M.W.; Lepse, L.; Goreta Ban, S.; de Vahl, E.; Annamaa, K.; Poldma, P.; Suojala-Ahlfors, T.; Juskeviciené, D.;
Kik, C. Genetic characterization of European potato onion (Allium cepa var Aggregatum G. Don) collections. Genet. Resour. Crop
Evol. 2021, 68, 657-665. [CrossRef]

Leino, M.W.; Hagenblad, J. Potatoonion—The missing link to onion cultivationin the past? Bull. Tridgdrdshistoriskforskning 2014,
27,17-19.

NordGen Annual Review. 2019. Available online: https://urn.kb.se/resolve?urn=urn:nbn:semorden:org:diva-5973 (accessed on
12 September 2023).

Ebert, A.W. Vegetable Genetic Resources for Food and Nutrition Security under Climate Change. In Food Security and Climate
Change; John Wiley & Sons Ltd.: Schwaebisch Gmuend, Germany, 2018; pp. 289-318. [CrossRef]

Loskutov, L.G. Vavilov Institute (VIR): Historical aspects of international cooperation for plant genetic resources. Genet. Resour.
Crop Evol. 2020, 67, 2237-2253. [CrossRef]

Dzyubenko, N.I. Vavilov’s collection of worldwide crop genetic resources in the 21st Century. Biopreserv Biobank 2018, 16, 377-383.
[CrossRef]

Mandal, S.; Cramer, C.S. Screening of USDA Onion Germplasm for Fusarium Basal Rot Resistance. Horticulturae 2021, 7, 174.
[CrossRef]

Johnson, R.C. Genebanks Pay Big Dividends to Agriculture, the Environment, and Human Welfare. PLoS Biol. 2008, 6, e148.
[CrossRef]

Kamala, V.; Gupta, A ]; Sivaraj, N.; Pandravada, S.R.; Sunil, N.; Varaprasad, K.S.; Lawande, K.E. Diversity analysis of onion
germplasm collections from Northern Telangana Region of Andhra Pradesh. Indian J. Plant Genet. Resour. 2011, 24, 163-171.
Rouamba, A.; Currah, L. Collections of shortday onion germplasm in West Africa: A survey. Genet. Resour. Crop Evol. 1998,
45, 81-85. [CrossRef]

Ferreira, R.R.; Santos, C.A.F. Partial success of marker-assisted selection of ‘A” and ‘B’ onion lines in Brazilian germplasm.
Sci. Hortic. 2018, 242, 110-115. [CrossRef]

Cunha Alves, A A.; Azevedo, V.C.R. Embrapa Network for Brazilian Plant Genetic Resources Conservation. Biopreserv. Biobank.
2018, 16, 350-360. [CrossRef] [PubMed]

McCallum, J.A.; Grant, D.G.; McCartney, E.P,; Scheffer, J.; Shaw, M.L.; Butler, R.C. Genotypic and environmental variation in bulb
composition of New Zealand adapted onion (Allium cepa) germplasm. N. Z. |. Crop Hortic. Sci. 2001, 29, 149-158. [CrossRef]


https://doi.org/10.7759/cureus.31564
https://www.ncbi.nlm.nih.gov/pubmed/36540535
https://doi.org/10.1016/j.cryobiol.2019.01.008
https://www.ncbi.nlm.nih.gov/pubmed/30677412
https://doi.org/10.3390/plants9080968
https://www.ncbi.nlm.nih.gov/pubmed/32751715
https://doi.org/10.5958/0976-1926.2021.00019.X
https://doi.org/10.17660/ActaHortic.2012.969.41
https://doi.org/10.1007/s10722-020-01029-9
https://doi.org/10.1079/9781780646947.0429
https://doi.org/10.1007/s10531-016-1109-7
https://doi.org/10.1007/s10722-018-0715-5
https://doi.org/10.1016/j.scienta.2014.02.040
https://doi.org/10.5424/sjar/2005031-128
https://doi.org/10.1007/s10722-020-01014-2
https://urn.kb.se/resolve?urn=urn:nbn:se:norden:org:diva-5973
https://doi.org/10.1002/9781119180661.ch13
https://doi.org/10.1007/s10722-020-00979-4
https://doi.org/10.1089/bio.2018.0045
https://doi.org/10.3390/horticulturae7070174
https://doi.org/10.1371/journal.pbio.0060148
https://doi.org/10.1023/A:1008622416640
https://doi.org/10.1016/j.scienta.2018.08.002
https://doi.org/10.1089/bio.2018.0044
https://www.ncbi.nlm.nih.gov/pubmed/30325669
https://doi.org/10.1080/01140671.2001.9514173

Plants 2023, 12, 3294 19 of 19

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Jayaswall, K.; Bhandawat, A.; Sharma, H.; Yadav, VK.; Mahajan, V.; Singh, M. Characterization of Allium germplasms for
conservation and sustainable management using SSR markers. Indian J. Tradit. Knowl. 2019, 18, 193-199.

Pandey, A.; Pandey, R.; Negi, K.S.; Radhamani, J. Realizing value of genetic resources of Allium in India. Genet. Resour. Crop Evol.
2008, 55, 985-994. [CrossRef]

Xiao, Q.; Bai, X.; Zhang, C.; He, Y. Advanced high-throughput plant phenotyping techniques for genome-wide association studies:
A review. J. Adv. Res. 2022, 35,215-230. [CrossRef] [PubMed]

Zhihong, M.; Yuhan, M.; Liang, G.; Chengliang, L. Smartphone-Based Visual Measurement and Portable Instrumentation for
Crop Seed Phenotyping. IFAC-Pap. 2016, 49, 259-264. [CrossRef]

Ligterink, W.; Hilhorst, H-W.M. High-Throughput Scoring of Seed Germination. Plant Horm. 2017, 1497, 57-72. [CrossRef]
Baek, J.; Lee, E.; Kim, N.; Kim, S.L.; Choi, I; Ji, H.; Chung, Y.S.; Choi, M.-S.; Moon, ].-K_; Kim, K.-H. High Throughput Phenotyping
for Various Traits on Soybean Seeds Using Image Analysis. Sensors 2020, 20, 248. [CrossRef]

Yang, W.; Feng, H.; Zhang, X.; Zhang, ]J.; Doonan, ].H.; Batchelor, W.D.; Xiong, L.; Yan, J. Crop Phenomics and High-Throughput
Phenotyping: Past Decades, Current Challenges, and Future Perspectives. Mol. Plant 2020, 13, 187-214. [CrossRef]

Islam, M.N.; Nielsen, G.; Steerke, S.; Kjeer, A.; Jorgensen, B.; Edelenbos, M. Novel non-destructive quality assessment techniques
of onion bulbs: A comparative study. J. Food Sci. Technol. 2018, 55, 3314-3324. [CrossRef] [PubMed]

Duran, C.; Appleby, N.; Edwards, D.; Batley, ]. Molecular genetic markers: Discovery, applications, data storage and visualisation.
Curr. Bioinform. 2009, 4, 16-27. [CrossRef]

Alonso-Blanco, C.; Méndez-Vigo, B. Genetic architecture of naturally occurring quantitative traits in plants: An updated synthesis.
Curr. Opin. Plant Biol. 2014, 18, 37-43. [CrossRef] [PubMed]

McCallum, J.; Leite, D.; Pither-Joyce, M.; Havey, M.]. Expressed sequence markers for genetic analysis of bulb onion (Allium cepa).
Theor. Appl. Genet. 2001, 103, 979-991. [CrossRef]

Ohara, T.; Song, Y.S.; Tsukazaki, H.; Wako, T.; Nunome, T.; Kojima, A. Genetic mapping of AFLP markers in Japanese bunching
onion (Allium fistulosum). Euphytica 2005, 144, 255-263. [CrossRef]

Alam, M.S,; Islam, M.A.; Kumar Nath, U. Rapd markers based genetic diversity analysis of onion (Allium cepa) germplasm. Int. J.
Sci. Res. 2023, 12, 1-5. [CrossRef]

Baldwin, S.; Pither-Joyce, M.; Wright, K.; Chen, L.; McCallum, J. Development of robust genomic simple sequence repeat markers
for estimation of genetic diversity within and among bulb onion (Allium cepa L.) population. Mol. Breed. 2012, 30, 1401-1411.
[CrossRef]

Singh, D.P.; Dhillon, T.S.; Singh, R. Present status and future opportunities in onion research: A review. Int. J. Chem. Stud. 2018,
6, 656-665.

Khar, A.; Zimik, M.; Verma, P.; Singh, H.; Mangal, M.; Singh, M.; Gupta, A. Molecular marker-based characterization of cytoplasm
and restorer of male sterility (Ms) locus in commercially grown onions in India. Mol. Biol. Rep. 2022, 49, 5535-5545. [CrossRef]
Sharma, N.; Pandey, R.; Gowthami, R. In vitro conservation and cryopreservation of threatened medicinal plants of India. In
Conservation and Utilization of Threatened Medicinal Plants; Springer: Cham, Switzerland, 2020; pp. 181-228. [CrossRef]

Kik, C. Allium genetic resources with particular reference to onion. Acta Hortic. 2008, 770, 135-138. [CrossRef]

Liao, N.; Hu, Z.; Miao, J.; Hu, X;; Lyu, X.; Fang, H.; Zhou, Y.-M.; Mahmoud, A ; Deng, G.; Meng, Y.-Q.; et al. Chromosome-level
genome assembly of bunching onion illuminates genome evolution and flavor formation in Allium crops. Nat. Commun. 2022,
13, 6690. [CrossRef]

Crop Genetic Resources: An Economic Appraisal/EIB-2 Economic Research Service/USDA. Available online: https://www.ers.
usda.gov/publications/pub-details/?pubid=44131 (accessed on 12 September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10722-008-9305-2
https://doi.org/10.1016/j.jare.2021.05.002
https://www.ncbi.nlm.nih.gov/pubmed/35003802
https://doi.org/10.1016/j.ifacol.2016.10.048
https://doi.org/10.1007/978-1-4939-6469-7_7
https://doi.org/10.3390/s20010248
https://doi.org/10.1016/j.molp.2020.01.008
https://doi.org/10.1007/s13197-018-3268-x
https://www.ncbi.nlm.nih.gov/pubmed/30065443
https://doi.org/10.2174/157489309787158198
https://doi.org/10.1016/j.pbi.2014.01.002
https://www.ncbi.nlm.nih.gov/pubmed/24565952
https://doi.org/10.1007/s001220100630
https://doi.org/10.1007/s10681-005-6768-5
https://doi.org/10.36106/ijsr/1556605
https://doi.org/10.1007/s11032-012-9727-6
https://doi.org/10.1007/s11033-022-07451-9
https://doi.org/10.1007/978-3-030-39793-7_8
https://doi.org/10.17660/ActaHortic.2008.770.14
https://doi.org/10.1038/s41467-022-34491-3
https://www.ers.usda.gov/publications/pub-details/?pubid=44131
https://www.ers.usda.gov/publications/pub-details/?pubid=44131

	Introduction 
	Onion Genetic Resources 
	Onion Wild Relatives and Landraces 
	Onion Wild Relatives 
	Landraces of Onions 

	Onion Cultivars and Breeding Lines 
	Commercial Varieties 
	Breeding Lines 


	Intraspecific Classification of Onion 
	Ex Situ Conservation Efforts for Onion Genetic Resources 
	Seed Genebanks 
	Tissue Culture or In Vitro Conservation of Onions 
	Cryopreservation 
	Field Genebanks 

	Collecting and Conservation Status of Global Onion Genetic Resources 
	International and National Seed Banks and Germplasm Repositories of Onion 
	Europe 
	North America 
	Asia 
	Africa 
	South America 
	Oceania 

	High-Throughput Phenotyping and Molecular Approaches in Onion Germplasm Characterization and Evaluation 
	High-Throughput Phenotyping 
	Molecular Marker Application 

	Gaps in Global Onion Genetic Resources Collection 
	Underrepresentation of Onion Wild Relatives 
	Regional and Local Diversity 
	Limited Access to Traditional Cultivars 
	Conservation of Genetic Erosion Hotspots 
	Characterization and Evaluation Efforts 
	Limited Resources for Conservation 
	Collaboration and Data Sharing 

	Countrywide Onion Genetic Resource Collection and Conservation Efforts 
	Inventory of Onion Germplasm 
	Documentation of Onion Cultivar Diversity 
	Evaluation of Onion Genetic Erosion 
	Gap Analysis and Prioritization 
	Conservation Strategies and Initiatives 
	International Collaboration 

	Conclusions, Recommendations, and Future Perspectives 
	References

