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ABSTRACT
Alliums are widely consumed as food andmedicine butmodestly under-
stood for their genetic constitution and design. Huge, complex and
repetitive genomes, biennial life cycle, strong inbreeding depression
and apomixes have thwarted development of optimal genotypes, espe-
cially in the third world. However, genetic diversity assessment, marker-
assisted breeding, introgression of some vital genes, doubled haploid
production, induction of fertility in apomicts, organellar transcriptome
sequences, gene annotation and genetic engineering have been
achieved to certain extent and continue to develop further. In this
review, current achievements in these areas of research for enhancing
yield, processing quality, therapeutic value, storage and biotic stress
resistance in important edible Allium species have been compiled.
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Introduction

Allium vegetables are various species of genus Allium that belongs to family Alliaceae. Also
known as bulb crops, they form specialized culinary ingredients owing to their characteristic
aroma arising from organic sulfur compounds released from enzymatic breakdown (by
allinase and lachrymatory factor synthase) of the flavor precursors (S-alk(en)yl cystein
sulfoxide compounds) found in their cells. The flavor precursors are in the form of S-trans-
prop-1-enyl cysteine sulfoxide (isoalliin) and S-propyl cysteine sulfoxide (propiin) in onion,
S-allyl cysteine sulfoxide (alliin) in garlic and S-methyl cysteine sulfoxide (methiin) in other
alliums.[1,2] Sulphur compounds released from their breakdown along with other bioactives
like flavonols and other phenols exhibit prophylactic and curative properties against many
human ailments like microbial infections, carcinogenesis and degenerative diseases.[3–5] The
commercial commodity obtained from Allium vegetables is routinely consumed afresh as
well as processed in almost all cultures of the world, making alliums have an ‘all-rounder’
presence in routine human life. Amongst the vast range of Allium species found in nature,
economically important ones, used mainly in culinary and medicine preparations are briefly
described in Tables 1, 2 and 3.[6–8]

Although alliums are valuable horticultural and food commodities yet genetic and
genomic knowledge and its application for their genetic improvement is not sufficient
enough to impact farmers’ field and industry at significant level.[9–11] Especially in the
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developing countries, apart from unscientific cultural practices followed by uninformed
and resource poor farmers, major reason for low productivity and quality is large scale
cultivation of genetically inferior and heterogeneous populations that are non-uniform
and unstable for yield, quality, stress resistance/tolerance, long storability and processing
suitability (that is, high dry matter, high pungency, high TSS and light flesh color for
powder, chip and flake making).[12] The challenge of improving these traits can effectively
be addressed only by their complete genetic understanding, which is critical to effective
selections and hybridization programs. However, attaining this understanding is greatly
impaired by serious limitations posed by inherent nature of these species. These limita-
tions are briefly discussed ahead.

Table 1. Most commonly cultivated Allium vegetable species.
Common name Botanical name Somatic chromosome number Ploidy

Common onion Allium cepa L. 16 2X
Garlic
• Hard neck A. sativum var. ophioscorodon 16 2X
• Soft neck A. sativum var. sativum

Multiplier onion/ potato onion A. cepa L. Aggregatum group 16 2X

Table 2. Other Allium vegetable species of global popularity.

Common name Botanical name
Somatic chr.
Number Ploidy

Prominent region of
cultivation and commerce

Chives A. schoenoprasum L. 16, 24 and 32 2X, 3X and 4X Europe and North America
Leek A. ampeloprasum ssp. porrum 32 4X Egypt
Shallot A. cepa var. ascalonicum L. 16 2X Middle East
Japanese bunching
onion/Welsh onion

A. fistulosum 16 2X Japan, China, USSR, Siberia

Table 3. Some lesser known Alliums highly valued in niche markets.

Vernacular/
common name Botanical name

Somatic
chromosome

number Ploidy Niche area

Tree onion/
Egyptian walking
onion

A. cepa var. viviparum/
proliferum

16 2X Egypt

Great headed garlic A. ampeloprasum var.
ampeloprasum

32, 48 and 64 4X, 6X and 8X Africa and Saudi Arabia

Kurrat A. ampeloprasum var. kurrat 32 4X Egypt
Pran A. cepa var. viviparum/

proliferum
24 3X Kashmir (India)

Jaynaut A. hookeri 22 3X North Eastern India
Jambu/Faran A. consanguineum Kunth. syn.

A. stracheyi Baker.
– – Nepal, Northern Uttarakhand

(India), Himalayan Pakistan
Jimbur A. wallichii Kunth. – – Sikkim (India)
Dune A. humile Kunth syn

A. govanianum Wall. ex Baker.
– – Northern Uttarakhand (India),

Himalayan Pakistan
Bangalore Rose
Onion

A. cepa L. 16 2X Bengaluru (India), with
Geographical Indication (GI)
status

Rakkyo/scallion A. chinense 16, 24, 32 2X, 3X and 4X North Eastern India, China, Japan
Kashmir garlic/
chives

A. schoenoprasum L. 16, 24 and 32 2X, 3X and 4X Kashmir and Ladakh divisions
(India)
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Inherently complex nature of allium species

Workers find alliums particularly difficult crops, both from cultivation and genomic
aspects.[10,13] These crops are typically biennial[14], that means, once sown they will
grow and produce bulbs the first year, take physiological rest for the next 4–6 months
and then re-grow and produce seeds the next year. This lifecycle takes 18–22 months from
seed to seed (bulb to bulb). Thus all the breeding and cultural practices will take twice the
time taken by majority of other vegetables, which are annual by nature. This delays genetic
improvements by lengthening breeding programs. Secondly, many alliums reproduce
asexually, that is, there is no naturally occurring variability in desired traits to perform
selection in the progeny of a plant/group of plants. On the other hand, Allium species that
do reproduce sexually are highly open-pollinated, heterozygous, heterogeneous and exhi-
bit strong inbreeding depression when subjected to self-pollination for various breeding
aims.[15,16] Inbreeding depression is of very serious concern to onion breeders and has
given rise to the concept of ‘doubled haploid onion’ being undertaken by major research
groups worldwide. Thirdly, alliums have very large genomes that are highly repetitious,
extremely complex and heterozygous.[10,17–19] They are thus currently placed among those
at the end of the line queued up for full genome sequencing. The breeding behavior and
genomes of these species are discussed in more detail below.

Breeding behavior of alliums
Both sexual and asexual reproductions are found among Allium species.[20,21] Although
most are syngamous (sexually reproducing) with high degree of out breeding (which in
itself poses unique problems); apomixis (asexual reproduction) in species like garlic,
multiplier onion, tree onion, pran and many others is a norm.[22] Genetically, these
species remain largely the same because on reproduction, they give rise to their clones.
Apomixis through cloves, bulb-lets or top-sets restricts segregation and assortment of
genes, leaving no avenue for creation of variability from which to make desirable selec-
tions. Development of molecular markers for traits of interest is also hampered because
genetic association studies rely on genetic variation.[23]

While apomixis restricts usable variation in some Allium species, syngamous alliums on
the other hand are highly heterozygous and suffer severe inbreeding depression, which
limits the possibilities of obtaining vigorous inbreds (repeatedly selfed parents of
a potential hybrid).[14,24] The heterogeneous nature of varieties of such species along
with high extent of heterozygosity also becomes a stumbling block in achieving genetic
uniformity for desired traits especially bulb shape and color. Thus, both kinds of breeding
behavior found in Allium species create unique problems for breeders, geneticists and
biotechnologists.

Giant genomes
Allium genomes are classified as giant genomes and among the largest ones in plant
kingdom.[25] Onion has the largest genome among all vegetable crops[26] although
not the largest among alliums. Garlic genome is roughly equal to that of onion. Both
onion and garlic; the diploid species, possess around 16.7 Gb DNA/1C[17], which is
roughly equal to that of hexaploid wheat, 107 times larger than the model plant
Arabidopsis genome and 34 times larger than that of rice.[27] For this reason, in times
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when important commercial crops like tomato[28], potato[29], Capsicum spp.[30],
watermelon[31], wheat[32] and rice[33] are fully sequenced, onion and other alliums’
genomic revelation remains largely elusive. It is extremely challenging to decode and
annotate them for use in genetic improvement. Furthermore, these species lack
a reference genome due to unavailability of any closely related species with manage-
able genome.[34] Till 2013 when the first use of SNPs in sequencing onion genome
was reported[13] all efforts on genome sequencing of alliums had rested on RFLP,
AFLP and SSR markers[35–37] and resulted in very slow advancement.

Breakthroughs in allium genetic research and improvement

Despite abovementioned challenges; altered rearing/production technologies, next genera-
tion sequencing platforms, enhanced bioinformatics and ever advancing ‘omic’ technolo-
gies and Systems Biology, sophistication of tissue culture protocols, and refinement of
transgene construction and delivery methods have made it possible to more effectively
streamline Allium breeding by modulating plant phenology, decoding large and complex
genomes[34,38–41], marker development and SNP discovery[42–59], molecular cataloguing of
transcripts and proteins and gene annotation[11,60–70], improved transgenic outcomes,
especially, in onion, garlic, Japanese bunching onion and leek[71–85], and gene mapping
and genetic map construction.[10,13,56,57,86–103] Through these achievements, exploration
and induction of syngamy in garlic[104–108], offseason bulb production, simplification and
shortening of breeding programs in onion and Japanese bunching onion through mole-
cular markers[53,55,58,59,86–90,92,93], transcriptional understanding of extra-nuclear male
sterility and other organeller genome-based traits, development of doubled haploid lines
(to replace low performing inbreds) to evolve high performance hybrids in onion[14],
interspecific hybridization to combat notorious pathogens, improved biochemical quality
and induced male sterility[109–117], genetic transformations in onion, garlic and leek to
down regulate alliinase action[83], induce pathogen resistance[78–80,82], herbicide
resistance[81] and male sterility[77] are being gradually met. The mentioned studies and
achievements are discussed under pertinent headings.

Molecular markers

Alliums being biennial species take long time for genetic improvement. Molecular markers
in such cases are of immense benefit, as they are based on DNA, which remains the same
irrespective of growth and developmental stages. DNA markers give the option to select
out desirable plants at early stages of development and save breeder’s time and other
resources. Selections and rejections can be done as soon as the seedling emerges and there
is no need to wait for specific developmental stage.

A very important case is of male sterility in onion, which is a pre-requisite to
development of F1 hybrids.[60] F1 hybrids have the advantage of not only uniformity
but the mean values of productivity and quality parameters like dry matter content,
pungency, processing value and shelf life are also significantly enhanced over the
parental variety/inbred values.[14,118–121] However, it is commercially impractical to
emasculate the hundreds of minute flowers of each female parent flower before cross-
ing with male parent manually. Thus, it becomes imperative to develop female parents
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that are male sterile, i.e., lack viable pollens and need not to be emasculated. However,
to develop such male sterile lines, flowering stage is awaited for 2 years before selecting
plants with natural male sterility. Furthermore, for identifying their maintainers (the
plants that maintain the male sterile line generation after generation in the absence of
its ability to pollinate itself), another 2 year time is required. Thus determination of
sterile cytoplasm and development of its maintainers take at least 4 years time.[122,123]

Fortunately, with the advent of molecular markers linked to male sterility in cytoplasm
and in nuclear DNA (Table 4), the selection has been preponed to seedling stage, that
is, earlier by two years to identify male sterile plants and by 4 years to identify
maintainer plants. Also, ambiguity in identifying true male sterile and maintainer
plants is reduced to negligible. Although F1 hybrids in onion have been on the
scene since mid 1940s particularly in the USA after famous works of Jones and
Clarke in the field of onion male sterility[134], reports of utilization of DNA-based
markers in identifying the sources of male sterility and isolation of male sterile and
maintainer lines in onion have been observed in recent times.[135–137] Nonetheless,
contrary to the results obtained in the cited publications, there have also been reports
claiming the inaccuracy of these markers in predicting true genotype.[138,139] This
suggests the need for involving larger onion populations from as diverse geographical
locations and gene pools as possible so as to ascertain highest linkage disequilibrium
(no or least recombination) between trait and marker. Once dependable markers are
developed for diverse populations, the tedious work of onion F1 hybrid development
will be greatly simplified and economized. Many countries, despite having agro-
climatic richness, are still far behind in productivity and quality. Their onion produc-
tion can improve significantly only with the widespread availability and cultivation of
competent hybrids, the development of which will be highly benefitted with stable and
robust male sterility linked molecular markers.

Bulb color is another characteristic that enjoys considerable attention from consumers
who want their onion, garlic, leeks or scallions to be of particular color. To meet their
demands, the grower, the food processing industry and the chef also look for great
variability in these crops. But to breed bulbs of as many colors as the market demands

Table 4. Markers developed for male sterility (CGMS) in alliums.
Trait/gene Species Marker name Reference

N/S/T-cytoplasm Allium cepa L. orfA501 [122]
Cob [29]
orf725 and cox1 [123]

Allium fistulosum L. S327and N1412 [125]
SCAR1 [126]

Ms/ms or Rf/rf Allium cepa L. Isotig 34671_610
Isotig 30856_1351
Isotig 29186_1830

[127]

DNF 566 and RNS 357 [128]
Jnurf13 [129]
Acms 1100 [130]
Jnurf05, Jnurf17 [131]
AcSKP1 [132]

Male fertility transcripts Allium cepa L. Transcript contigs 2,71,665 in number (CUDH2107
transcript catalogue)

[133]
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is a daunting work on part of a plant breeder since bulb color inheritance in bulb crops is
complex, as it involves multiple alleles.[140] To have genetically uniform varieties of
different colors, a breeder must have large base population(s) to perform selection or
hybridization and develop a variety that breeds true for desired bulb color. Molecular
markers, especially the codominant type, assist this procedure by alleviating ambiguity
since the involvement of multiple alleles limits the certainty of obtaining target color in
next generation. Functional markers for different bulb colors in onion have been devel-
oped and being used for inheritance studies, for example, marker DFR-PS for yellow[53]

and GST-1 for white[58] bulbs. These markers are most reliable owing to their origin from
the gene of interest itself and involve no recombination.

In addition to these two most extensively studied traits of onion, molecular
markers have been developed for other traits also like disease resistance, dry matter
and pungency. Few markers for important traits in other species have also been
reported and are being used in diversity studies, genetic fingerprinting and develop-
ment of genetic maps in alliums. These markers have been briefly explained in
Table 5.

Table 5. Molecular markers in alliums for various breeding objectives.
Type of marker Purpose Allium involved Reference

Microsatellite, EST-SSR,
ISSR

Inter-specific taxonomic analysis Allium cepa L., Allium fistulosum L,
Allium galanthum, Allium roylei,
Allium vavilovii, Allium altaicum

[137]

Intra- and interspecific relatedness within
subgenus Rhizirideum

[138]

Genetic diversity studies, allele mining,
mapping and associative studies

Allium sativum L. [139]

Diversity analysis, genotype identification,
assessment of population structure

Allium sativum L. [86]

For transfer to other Allium species for
their genetic analysis

Allium sativum L. [87]

EST-SSRs for genetic diversity, mapping
and association studies

Allium sativum L. [88]

SSRs and ISSRs for genetic diversity
analysis

Allium sativum L. [89]

EST-SSRs for diversity studies, mapping,
association studies and fingerprinting

Allium sativum L. [90]

Construction of genetic map and
phylogenetic relationship studies with
other Alliums

Allium fistulosum L. [91]

ILP To assess genetic separateness among
Czechoslovakian garlic varieties

Allium sativum L. [92]

SNP Genetic variability and diversity studies Allium cepa L. [93]
Functional
(named DFR-PS)

Marker assisted selection (MAS) of yellow
bulbs

Allium cepa L. [94]

Functional (MS2 gene
based)

MAS of fertility in garlic Allium sativum L. [95]

CAPS MAS at ANS-PS locus (bulb color) Allium cepa L. [96]
SNP, RFLP (named
ACP052 and API66C-E5,
respectively)

MAS for low levels of lachrymatory factor Allium cepa L. [97]

Not available Marker assisted back crossing for DM
resistance

Allium roylei and Allium cepa L. [57]

Functional
(named GST-1)

MAS of white bulbs (C/c locus) Allium cepa L. [58]

Not available MAS of bulb colors Allium cepa L. [59]
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Gene/QTL mapping and genetic map construction

Gene mapping implies placing of expressed DNA pieces (genes) on an organism’s genome
to explicate its structure and recombination behavior. A genetic map can be based on
recombination frequency among genes in which case it is called linkage map or it can be
constructed on the basis of physical location of genes on the genome, where it is known as
physical map. Significant work has been done during the last one and half decade in the
field of genetic map construction using both intra- and inter-specific crosses but in only
a few alliums. They give information on the genetic structure, sequence and linkage/
recombination about the organism in question. Both help breeders to predict recombina-
tion outcome of a breeding strategy, whether it involves hybridization or self-fertilization
and a plant biotechnologist is also greatly benefitted with the knowledge of physical
location of his/her gene of interest since it helps in isolation of the gene and its transfer
to recipient variety/species through genetic transformation. In genus Allium, important
genes have been mapped to respective locations on chromosomes mainly in onion,
Japanese bunching onion and wild species Allium roylei Stearn. during the last two
decades. These include male sterility (S/T/N cytotype, Ms/ms locus)[86–88], fertility restora-
tion (Rf/rf)[89], quality characteristics like pungency (sulfur content)[56,93], dry matter
content[92], antioxidant/medicinal potential (quercetin levels)[96], bulb pigments
(anthocyanins/flavonoids)[91,94], plant physiological disorders[97] and resistance to
pathogens.[90] The studies are described in Table 6. These discoveries have now made it
possible to develop elite cultivars with specific agronomic or industrial applications (food
processing, pharmaceuticals, cosmeceuticals) in shortest possible time through marker
assisted breeding and genetic transformation. Enhanced understanding of inheritance
mechanism and associations among traits has reduced onion breeders’ dependence on
phenotypic scoring, which is oftentimes misleading. An example of the merit of gene
mapping is association study of low pungency and high solid content in onion with two
molecular markers; ATPS and SiR.[93] For many onion breeders, the objective is to
develop low pungency cultivar with high soluble solid content since most countries in
the West like their onions to be mild but transformable into powder, chips, flakes and
rings. This necessitates the onions to have high soluble solid content. However, the
objective is difficult to achieve through phenotypic evaluation, as low pungency (mildness)
appears to be strongly linked with low soluble solid content.[141] However, with the
mapping of ATPS and SiR markers on onion genome, it is now possible to select low
pungency genotypes without linkage drag with low soluble solid content in bulbs. This will
save resources as well as increase selection efficiency to breed mild onions with high
soluble solids suitable for processing industry.

Germplasm and cultivar duplicates are other problems of especially the technologically
less advanced countries that lead to continual and inadvertent efforts by multiple agencies
on the same germplasm for the same trait. The unfruitful impact of this situation makes
itself evident after years and decades when no significant improvement in economic
returns is seen at farmers’ level. The false impression of diversity/variability that arises
due to variations in growing environment causes erroneous phenotyping and can only be
avoided by DNA-based genotyping. DNA fingerprinting by using gene and non-gene-
based DNA markers like SSR and SNP is an infallible strategy to ascertain diversity among
populations and reduce redundant efforts. With the advancing number of genes/markers

FOOD REVIEWS INTERNATIONAL 7



being mapped in Allium species, establishing genetic separateness will be easier and faster
in order streamline onion breeding programs in the developing world by avoiding
duplication of efforts and resource expenditure.

Continual mapping of genes, markers and quantitative trait loci on genomes lead to
build up of genetic maps. However, contrary to most of the major vegetable and cereal
crops, linkage or physical maps of Allium species are far from complete and difficult to
correlate by virtue of very large and repetitive genomes. The first online resource, wherein,
accessing the many partial genetic maps, markers, sequence resources and studies under-
lying them was made possible was developed under the name AlliumMap-A.[142]

Table 6. Mapping of genetic factors responsible for important traits in alliums.

Gene/QTL/Trait Type of marker Location
Allium species

involved Methodology Reference

Downy mildew
resistance

Functional
(named DMR1)

Chr. 3 Allium cepa L. cDNA sequencing, indel
polymorphism study,
primer pair development

[57]

Nuclear male
sterility locus
(Ms/ms)

SSCP and SNE Chr. 2 Allium cepa L. RFLP and AFLP analysis [86]

Cytoplasmic male
sterility (N/S)

SCAR and
RAPD (named
SCS13 and
S2002400)

mtDNA Allium fistulosum L. – [87,88]

Male fertility
restorer locus
(Rf)

– Chr. 5F Allium fistulosum L. Backcrossing and GISH [89]

Botrytis squamosa
resistance (Bs1)

SNP Chr. 6 Allium roylei Transcriptome sequencing
followed by QTL mapping

[90]

I (locus for white
bulb color)

SSR 21 cM from
ACM006

Allium cepa L. – [91]

B (seed coat color) SSR Chr. 1 Allium cepa L.
C (bulb color) SSR Chr. 6 Allium cepa L.
Frc (bulb dry
matter)

SSR Chr. 8 Allium cepa L. – [92]

Low pungency Functional
(named ATPS
and SiR)

Chr. 3 Allium cepa L. – [93]

Structural genes for
bulb color

SCAR (named
CHS-A, CHS-B,
CHI, F3H, DFR,
ANS)

Chr. 2A, 4A, 3A,
3A, 7A, 4A

Allium cepa
L. Aggregatum group

Alien monosomic additions
and PCR-based marker
analysis

[94]

Lachrymatory
Factor Synthase
(LFS)

SNP and RFLP Chr. 5 Allium cepa L. Use of A. fistulosum-shallot
monosomic addition lines,
F2 mapping population
from the interspecific cross
A. cepa × A. roylei, BAC-
FISH study

[56]

Flavonoid 3ʹ
hydroxylase
(F3ʹH) for
quercitin
formation

– Chr. 7A Allium cepa L. Direct comparison
between chromosome
constitution and flavonoid
contents of multiple alien
addition lines

[95]

Molecular markers
(406 no.)

SSR and EST Allium cepa L. and
Allium fistulosum L.

Bunching onion-shallot
monosomic addition lines
and allotriploid bunching
onion single alien deletion
lines

[96]

Bolting Functional
named ACBlt1

Chr. 1 Allium cepa L. [97]
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Restricted access to the resource is available at http://alliumgenetics.org/. This resource
includes information and data on different onion intra-specific mapping populations as
well as those raised from A. fistulosum L. and A. roylei and has been especially built to
assist comparative genomic studies in alliums. Lately, an unrestrictedly accessible online
resource of onion genomic information has been created under the name ‘The Onion
Genomic Resource’.[26] It carries information on 20204 ESTs, 20755 Transcriptome
Shotgun Assembly (TSA) sequences; EST based 1915 SSRs, 15 SNPs and 13 InDels; TSA
based 249987 unigenes, 123282 SSRs, 135424 SNPs and 11891 InDels. Apart from this, the
resource also houses information on 8 miRNAs with their targets and 200 validated
molecular markers for onion breeding. It can be freely accessed at http://webtom.cab
grid.res.in/ogr/. Similarly, in garlic, the first EST database and mining resource by the title
GarlicESTdb has been constructed to help workers discover and annotate crucial
genes.[143] The database can be accessed at http://garlicdb.kribb.re.kr. The most commonly
employed markers have been simple sequence repeats (SSR), single nucleotide polymorph-
ism markers (SNP), cleaved amplified polymorphic sequences (CAPS), expressed sequence
tags (EST) and randomly amplified polymorphic DNA (RAPD). In some cases, especially,
onion and garlic, the gene/locus of concerned trait itself has also been mapped on the
genome, which is the highest possible level of precision in map construction. These genes
are cytoplasmic male sterility, light red bulb color and alliinase activity (determinant of
pungency) in onion[98]; and alliinase, chitinase (antipathogen activity), sucrose-1-fructo-
syltransferase (for fructan biosynthesis that determines soluble solid content) and chal-
cone synthase (flavonoid synthesis) activities in garlic.[100] In Table 7, these studies have
briefly been described.

Genome sequencing

To sequence onion genome a collaborative project was started in the Netherlands between
Wageningen University and Research and private seed companies. The workers succeeded
in achieving first de novo assembly of onion genome, constituting 10.6 Gb DNA with great
number of ancient repeats and majority of the eukaryotic core genes.[38] The facility for
long read sequencing was proposed to further strengthen the assembly. Onion genome is

Table 7. Genetic maps constructed in important Allium vegetables.
Species Type of markers used Number of markers Genome coverage Reference

Allium cepa L. Ms/ms, light red bulb color,
alliinase, RAPD and RFLP

127 – [98]

EST 100 1907 cM (14 linkage groups) [91]
EST 11008 – [99]
SNP 936 10 linkage groups [13]
SNP mining with genotyping-
by-sequencing approach

1383 cM in 8 linkage groups [10]

Allium sativum L. Alliinase, chitinase, sucrose-
1-fructosyltransferase,
chalcone synthase, AFLPTM

366 Map1: 1166 cM
Map2: 862 cM

[100]

Allium sativum L. SNP, SSR and RAPD 53 415 cM [101]
Allium fistulosum L. AFLPTM, SSR, CAPS MP1: 164

MP2: 120
MP1: 947 cM
MP2: 775 cM

[102]

Allium fistulosum L. SSR, InDel, CAPS, dCAPS 254 2069 cM (17 linkage groups) [103]
Allium fistulosum L. SSR 228 1261 cM (16 linkage groups) [96]

FOOD REVIEWS INTERNATIONAL 9

http://alliumgenetics.org/
http://webtom.cabgrid.res.in/ogr/
http://webtom.cabgrid.res.in/ogr/
http://garlicdb.kribb.re.kr


being sequenced elsewhere also but full sequencing of this species is still expected to take
a long time. Various groups are working on obtaining draft assembly of onion and garlic
genomes[34,40] and analyses of their transcriptomes for sulfur metabolism[40] and cold
acclimation.[41]

However, there are several reports of organellar genome sequences, partly sequenced
genomes and assembled genomes in Allium species. In onion, since the very useful trait of
male sterility is governed by mitochondrial genome, the first complete sequence of
mitochondrial genome harboring male sterility factor (orf725, a putative chimeric gene
responsible for male sterility) was revealed through next generation sequencing platform
Illumina NextSeq500 to understand its nature and structure and confirm open reading
frame responsible for male sterility.[39] As an advancement to this work, complete
sequence of same mitochondrion but of different accession was reported, which confirmed
its three circled structure using pulsed field gel electrophoresis (PFGE) for the first time
and obtained transcript data of the genome[60], both of which were lacking in the previous
report.

Chloroplast genome sequencing in various edible, underutilized and/or medicinal
Allium species is being done to divulge phylogenetic relationships within Alliaceae and
to develop genomic resource for myriad applications in Allium genetics and transgenic
studies. Complete chloroplast genomes are being rapidly sequenced using high throughput
NGS platforms. Till date, these have been reported for garlic[144], Allium fistulosum
(Japanese bunching onion)[61], Allium obliquum (lop sided onion)[62], Allium victorialis
(victory onion)[63], Allium monanthum (Korean wild chive)[64], Allium kingdonii[65],
Allium prattii[66] and Allium ovalifolium var. leuconeurum.[67] These discoveries have
generally pointed towards close relationship of other Allium species with onion and garlic.

Transcriptome analysis and gene annotation

The transcriptome data and gene annotation for better understanding of gene expression
with respect to various economically important traits is also adding to the genomic
resources in Allium species. These databases are mainly being developed for biochemical
and health-related traits of onion. There are many biochemical compounds in alliums that
exhibit medicinal properties and phytopathological resistance. Steroidal saponins are one
such class of secondary metabolites. The transcript analysis of saponin biosynthetic path-
way was done in Japanese bunching onion containing 2A chromosome from shallot
(Allium cepa L. group Aggregatum) and candidate genes Cytochrome P450, glycosyltrans-
ferases and beta-glucosidase were discovered to play role in saponin downstream pathway.
The transcript obtained can be applied for molecular marker development to identify
species/varieties with therapeutic potential.[68] In another study, a transcriptome for
flavonoid (quercitin, anthocyanin and flavones glucosides) biosynthesis pathway was
generated in Allium fistulosum having shallot chromosome 5A. The findings confirmed
the presence of unigene (for flavonoid biosynthesis) on this chromosome and generated
gene regulatory information for development of varieties with enhanced disease counter-
ing compounds.[69] In fertile garlic, organ specific transcriptome related to flowering,
stress response, sulfur metabolism and photosynthesis was catalogued and presented
a useful genomic resource for marker development in garlic related to flowering and
disease resistance.[70] A first of its kind study of allergen genetics in onion was done using
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NGS platform to sequence and annotate 46 putative genes responsible for eliciting allergic
reaction in human body for their further use in mapping IgE epitopes and developing
genetically modified allergen free onions[11]

The structural and functional annotation of economically significant genes and study of
proteins and metabolites transcribed from those genes help understand the expression
mechanism of a trait, which ultimately reveals the strategy that can alter this expression.
The modulation of expression has been shown to happen through exogenous chemical
application (methylation/demethylation/enzyme inhibition)[145,146], chemical/radiation
mutation[147,148], environmental modification[149,150] or genetic transformation. In case
of alliums, LFS gene has been altered in onion to reduce tear causing compounds, and
resistance to some diseases has also been incited (discussed ahead) through genetic
transformation. The potential genes in alliums that may be stressed upon for expression
modulation by transcriptional, post-transcriptional or post-translational manipulation are
resistance to purple blotch and Stemphylium blight in onion, virus complex in garlic in
tropics, higher soluble solids in long day cultivars, resistance to bolting and bulb sweetness
since these traits most crucially steer the global onion market.

Inheritance studies of major economic traits

Inheritance studies in crop species have been the mainstay of crop breeding.
Understanding of the inheritance of desired traits helps breeders decide the most effective
strategy of breeding and in designing experiments. Before the advent of molecular under-
standing of genomes, pleiotropy, linkage drag and epigenetic modification had impacted
breeding programs adversely by reducing or altering the effect of selection. But increasing
molecular understanding of inheritance is now making plant breeding a more exact and
rewarding science. Major historical inheritance studies among alliums have been done
most frequently in onion, the most elaborate being inheritance of bulb color[151–154] and
male sterility.[155–158] Following the use of traditional methods of heredity studies, mole-
cular markers began to be utilized for linkage studies and thus trace the inheritance of
bulb color with respect to these markers. This helped in marker assisted selection for bulb
color, which is far more rapid, easy and reliable strategy than selecting the colors on
morphological basis, which may later yield generation of segregants. The two major loci
ANS (anthocyanin synthase) and DFR-A (dihydroflavonol-4-reductase-A) were assumed to
be instrumental in onion bulb colors. However, genetic basis of appearance of so many
different colors and hues of onion across onion genepools was less understood. With the
development of general or trait linked DNA markers, it has now become possible to
understand the genetics and inheritance of different colors. DNA polymorphism studies of
segregants from a cross between yellow and dark red lines revealed single recessive
mutation in ANS leading to formation of P allele responsible for pink bulb.[159]

A similar study involving red and yellow bulb parents and using real time-PCR (RT-
PCR) technique to detect DNA sequence changes attributed yellow bulb color to DFR-APS

and DFR-ADEL mutants of DRF-A.[59] Three other studies that utilized crossing and RT-
PCR techniques to delve into the inheritance pattern of bulb color genes and mutations
revealed complementary action among DFR-A and its mutants (DFR-APS, DFR-APS2 and
DFR-ADEL), and ANS and its mutants (ANSPS and ANSS188L) in different combinations to
give rise to variety of bulb colors (yellow, pink, light red, etc.).[160,161]
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Apart from this trait, major emphasis has been on factors responsible for bolting
(untimely emergence of reproductive organs) because of its negative economic impact
on yield, dry matter content and pungency (last two being quality determinants in
industrial use of alliums). The inheritance of bolting has been found to be of complex
nature by virtue of its control by three locations each being on chromosomes 1, 3 and
6.[162]

Pungency, the most crucial deciding factor of onion quality, has been found to be
highly significantly associated with plastidic ferredoxin-sulfite reductase (SiR) and plasti-
dic ATP sulfurylase (ATPS) genes on chromosome 3.[93] Superdominance and dominance
were found to control bulb fresh weight[163] while dry matter content (fructans, fructose,
glucose and sucrose) was found to exhibit major action of Frc gene.[92] This gene was
located on chromosome 8 and found to have strong linkage disequilibrium with SSR
marker ACM235.[92]

Bulbing and the flowering characteristics are very crucial in onion since they define
yield and seed production potentials, respectively, which are vital from farmers’ viewpoint.
The problem of bolting (reduces bulb yield and quality) and reduced flowering (due to
unfavorable climatic parameters, especially, photoperiod and temperature) is worldwide
and thought to be at least partially genetic.[164] Genes thought to influence flowering in
plants are commonly known as Flowering Locus T (FT). To understand the functioning of
flowering locus in onion and bulbing behaviors, sequencing of putative RNA from an
onion DH line and its BLASTING led to the recovery of six FT like transcripts. Sequences
corresponding to these transcripts were inserted to Arabidopsis thaliana genome to study
their behaviour, which finally confirmed the role of AcFT1, AcFT2 and AcFT4 flowering
loci in onion flowering.[165]

Such understanding of molecular/genetic controls of economically important traits of
Allium species has significant application in setting up of crossing programs, as the genetic
makeup at the loci of interest in the breeding lines involved in the crosses will already be
known to the breeder. The clarity of molecular and biochemical processes involved in the
expression of target traits can be exploited for altered (up or down regulation) gene
expression through genetic transformation, mutations or other means for agricultural
and industrial applications. These applications pertain to bulb yield, amount of sulfur
compounds, flavonoid and antioxidant levels, bulb dry matter content, total soluble solids,
bulb shape, size, bulbing duration and flowering among others.

Interspecific hybridization

Commonly cultivated alliums (onion and garlic) are plagued by notorious diseases and
have less refined quality traits compared to other alliums, including less cultivated species
and wild relatives. For example, Allium roylei Stearn., Allium fistulosum L. (Japanese
bunching onion) and Allium galanthum possess natural resistance to downy mildew
(Peronospora destructor)[113,166], leaf blight (Botrytis squamosa)[167], anthracnose
(Colletotrichum gleosporioides)[168], Fusarium basal rot[169], pink root (Phoma terrestris
E.M. Hans)[170] and onion fly (Hylemyia antiqua Bouche).[170] A roylei and
A schoenoprasum have been found resistant to purple blotch (Alternaria porri) .[171] In
addition, Allium fistulosum L. has other beneficial traits like cold hardiness and high dry
matter content.[170] There are other identified sources of resistance genes also, as

12 G. MALIK ET AL.



mentioned in Table 8. Such beneficial attributes of these alliums warrant their use in
interspecific hybridization with others to enhance their performance. In this direction,
introgression breeding via interspecific hybridization is being attempted since 1980s and
some breakthroughs have been achieved to realize practically applicable results. Some
cultivars of Japanese bunching onion, namely, Beltsville Bunching, Delta Giant, Top
Onion, Wakegi Onion have been reported to have resulted from interspecific hybridiza-
tion with common onion.[109] Using reciprocal interspecific hybridization with onion,
singe dominant gene (Pd1) was found to control downy mildew resistance in Allium roylei
Stearn.[110–112] Evolution of an all together new crop has also been attempted. An inter-
specific hybrid between leek (Allium ampeloprasum) and garlic gave rise to novel crop,
which had volatile components of garlic that are lacking in leek and had intermediate bulb
size.[112] In addition to these, during the first one and half decades of 21st century, several
introgressions of genes such as disease resistance, polyphenol content and male sterility
from mainly Allium roylei Stearn. to onion and Japanese bunching onion were done by
using alien addition lines and alloplasmy.[113–117] However, all these experiments have
been limited to lab and as of yet cannot be extended to commercial fields because of
elusive barriers to obtaining fully fertile hybrids. The quest to understand and overcome
barriers to obtaining successful inter-specific hybrid in terms of fertility, field survival, and
optimal target gene expression and yield potential is underway. The success in these
endeavors will undoubtedly be of great significance in the form of reduced expenditure
on disease management, quality enhancement and yield realization in addition to saving
environment from hazardous pesticides.

Development of doubled haploids in onion

The potential parents of a target F1 hybrid in any crop are first developed into inbreds
before crossing them. This involves their continuous selfing (extreme form of inbreeding).
Ideally, inbreds are homozygous at all loci, breed true and don’t segregate for any trait.
However, it is very difficult to create inbreds in case of outbreeding species like onion
because continuous forced selfing in such species produces ill-effects, a phenomenon
known as ‘inbreeding depression’, which involves compromising quality and quantity of
bulbs and seeds. Doubled haploids (DH) are, apart from some natural ones, majorly the
lab-made variants of plants made in vitro to have all the gene loci in homozygous
condition. However, in onion, inbreeding depression is very high and parental lines
cannot be selfed consecutively for more than 2 or 3 generations.[172] This crop is widely
considered to be the top second vegetable crop after carrot to suffer inbreeding depression

Table 8. Wild relatives identified for resistance/tolerance genes.
Trait Source relative Methodology Reference

Anthracnose (Colletotrichum
gloiosporioides Penz.)

Allium galanthum, Allium altaicum,
Allium pskemense

Artificial inoculation, genetic
studies of resistance

[168]

Fusarium basal rot (various strains) Allium fistulosum
Allium schoenoprasum
Allium pskemense
Allium roylei
Allium galanthum

– [169]

Purple blotch resistance
(Alternaria porri)

Allium schoenoprasum
Allium roylei

Field and artificial inoculation [171]
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that expresses as decline in seed set, seed viability, seed germination percentage, bulb size
and quality.[14,15,24] Therefore, in vitro method of DH development seems an attractive
way out.

This method involves chemical assisted doubling of single set of chromosomes inside
the gamete. In almost every crop wherein doubled haploids (DH) have been developed,
the source of gamete has been male (i.e. anther or pollen). Unfortunately, in case of onion,
use of male gamete has been a major failure. The alternative has been gynogenesis (culture
involving female parts of the flower), but that too has proved to be cumbersome with
limited success. The most responsive organs have been ovary and flower bud, latter being
less laborious.[173] Even after the explant has been excised and established in vitro;
embryogenesis, plantlet survival and chromosome doubling are hindered because all
these events have been attributed to variation in environment, genetic background of
the population and even the genotype of plant, which are apparently impossible to
control.[174–176] Following a trend of two step culture involving pre- flower bud culture
and then ovary/ovule culture for many years, a shift to one step culture occurred in which
only flower bud culture is done till embryo is achieved.[177] For the next step of chromo-
some doubling; colchicine, trifluralin and orizalin were found to have their own draw-
backs, so, somatic regeneration of spontaneous DH from flower buds was seen as most
promising.[174] Another problem encountered in onion DH plants regenerated from
in vitro embryos is of hyperhydricity induced by chromosome doubling agents. This
was solved by inventing a new tissue culture vessel called Eco2box.[176] Despite a long
world-wide history of attempts at producing DHs in onion, report on production of usable
DH lines has only been from Cornell University, New York. Here, 20 DH lines in onion
were produced and found at par with conventionally bred inbred lines of commercial F1
hybrids of the area. The DH lines have exhibited even greater vegetative vigor than the
inbreds and shown exceptional combining ability and yield potential. The hybrids bred
from these DH lines were also more uniform in bulb shape. For such benefits, these DHs
were released by Cornell onion breeding programs for commercial use as parental lines for
breeding F1s.

[14] This is probably the only reported case of successful DH development
and release for practical onion breeding programs.

Garlic fertility

It has been reported that genetic variability in garlic may arise from alterations in the
number and morphology of somatic cell chromosomes.[178] This is seen as an indication of
the possibility of obtaining heritable variability in crops like garlic, multiplier onion and
tree/Egyptian onion, which do not set true seed and are thus difficult to propagate. The
bulky propagating material, that is, cloves, top-sets and bulb-lets, require large space and
storage facilities and thus increased expenses on the part of farmers. They also act as
source of viral load and the crop obtained is infected.[179] On the other hand, true seeds
are inexpensive to store, do not transmit viruses and hence act as disease free propagation
material. Certainly, obtaining sufficient enough seeds in garlic and possibly other apomict
alliums is greatly sought after by farmers.

Findings suggest that in antiquity the obligatory apomict garlic of today was fertile and
cross pollinated in the wild. In due course of time, it lost its fertility as genetic response to
human intervention in the form of age old practice of flower removal or scape knotting to
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enlarge bulb size.[180] Furthermore, garlic is assumed to have gradually evolved from
sexual to an asexually reproducing species since there is a one way transition of garlic
apical meristem from flowering primordia to top set differentiation in bolting types.[178]

Considering both these assumptions, possibly, garlic ancestors had been sexually propa-
gating giving rise to great variability we see in garlic round the globe today. Applying this
knowledge, many studies took place in Japan, the USA and Israel during last three decades
and gave insight into garlic fertility and its restoration and also produced some true seed
producing lines with different experiments yielding between hundreds and thousands of
true seeds.[104–108,179] With developments in understanding and standardization of proce-
dures to enhance true seed production potential in garlic, considerable improvement in
fertility restoration has been achieved. In the last few years, some molecular studies were
also done to comprehend the mechanism of sterility/fertility in garlic. Garlic homologues
of AP3 (APETALA 3), MMD1 (MALE MEIOCYTE DEATH 1-LIKE), MS2 (MALE
STERILITY 2) and GPAT2 (GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE) were
proposed to control fertility owing to their known roles in flower differentiation, exine
formation, tapetum development, male meiosis, pollen development and tapetum viability
in other species in addition to their differential expressions in fertile versus sterile garlic
accessions.[54] The gene MS2 was also proposed as a potential marker for fertility in garlic
owing to its intense expression in fertile garlic in this study.

Despite six decades of studies and experimentation on garlic fertility restoration, true
seed production and its molecular mechanism[181], true seed supply to farmers is non-
existent. Cloves are still the only means of propagating this crop with its inherent
problems, the most challenging being storage losses and viral diseases especially in tropics.
It is necessary to bridge this gap between lab and field so that true seeds replace cloves and
commercial propagation of garlic is revolutionized throughout the world. One way can be
release of true seed producing lines in public domain by the governments and large scale
efforts towards standardization of their production technology in region specific farmer
field conditions.

Genetic transformation

Work on genetic transformation of alliums started in 1990s. Initially, Agrobacterium
tumefaciens and micro-projectile based gene transformations were standardized for
onion, garlic and leek[71–77] followed by transformation with specific genes that gave rise
to Bt onion, Bt shallots[78,79] and Bt garlic[80] resistant to Spodoptera exigua Hübner,
herbicide resistant onion[81] and male sterile leek.[77] The transformants also exhibited the
transferred trait. In the latest advancement, garlic was transformed with tobacco chitinase
and glucanase genes through Agrobacterium tumefaciens for conferring resistance to
Sclerotium cepivorum, the causal organism of white rot. This first of its kind transforma-
tion led to retrieval of transformants that exhibited late fungal symptoms., However,
complete resistance was not obtained.[115] As the most famous example of genetic trans-
formation among alliums, tear-less onion production through gene silencing (RNAi)
technology was achieved by Eady and coworkers.[83] The transgene caused down-
regulation of Lachrymatory Factor Synthase gene, which is responsible for synthesis of
tear inducing lachrymatory factor when the onion bulb tissue is ruptured. Most recently,
with regards to onion genetic transformation, an efficacious means of in planta transient
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Agrobacterium mediated genetic transformation with a transformation efficiency of
43.87% in onion leaf epidermal cells was suggested to develop transient transgenic plants
for protein studies.[84]

The chemical and electroporation methods have not been successful in onion due to
non-feasibility of protoplast regeneration.[85] The acceptance of DNA followed by regen-
eration capacity of transformed cell is the foundation of successful genetic transformation.
Unfortunately, in onion, regeneration of transformants has been the major obstacle.
However, onion basal plate callus and embryo or seedling derived callus have been
found to be most responsive to regeneration of transformants.[85] The important traits
that can be transferred to major alliums through genetic transformation include weed
control, disease/pest control, bulb color, pungency and flavor, few of which have already
been transferred, as noted above.

Functional components of therapeutic application

Genus Allium is well known for the functionality of its species in preventing and curing
human diseases and disorders. Due to the presence of flavonoids (anthocyanin, flavonols,
catechins), carotenoids, tocopherols, saponins and most importantly organic sulfur com-
pounds, these species are proven effective in cardiovascular diseases, neurodegenerative
diseases, diabetes, obesity, inflammation, cancer and infections.[182] Even in the absence of
scientific knowledge of Allium phytochemistry, they were consumed as home remedy and
in traditional/alternative medicine systems for various diseases and disorders in ancient
times. However, with the advancement in research on isolation, synthesis, in vitro/in vivo/
in silico analysis and evaluation of Allium biomolecules, there is a steady rise in under-
standing of molecular and genetic mechanisms of their effectiveness in curing.

Quercetin, a flavonol, is the most documented functional compound of alliums,
especially onion, with respect to its biochemical, genetic and molecular aspects.[183–185]

Its concentration has been found to vary within the onion bulb with outer rings having
higher levels.[186] It has been found antioxidant[187–189], anticarcinogenic[190,191], cardio-
vascular and heart disease preventive[192–195] and anti-obesity.[196,197] Antioxidant activity
of quercetin is due to its ability to reduce oxidative stress in cells through modulation of
intracellular signals.[198] This happens due to endogenous defense system involving cata-
lase, super oxide dismutase and glutathione.[199,200] A study for elucidation of antioxidant
mechanism of quercetin has suggested down regulation of protein kinase (PKC) gene via
activation of extracellular signal-regulated kinase 1/2 (ERK1/2) as key reason for reduced
oxidative stress in the cells.[201] Studies on anti-obesity function of onion extracts have
pointed at pancreatic lipase inhibition[202–204], adipogenesis inhibition[196,205], increased
energy expenditure[206] mechanisms and expression modulation of inflammatory media-
tors from adipose cells[197,207,208] through which quercetin along with other flavonoids and
sulphur compounds helps relieve obesity. The anticancer effect of quercetin through
interaction with neuropilin-1 (NRP-1), a co-receptor that plays role in cancer develop-
ment, has been demonstrated to contribute significantly better than many other biomo-
lecules from different spice species.[191]

The important preventive and curative compounds of ‘organosulfur’ category include
S-allyl-L-cysteine, S-propyl-L-cysteine, S-ethyl-L-cystein, S-methyl-L-cysteine, dimethyl
trisulfide, diallyl sulfide, diallyl trisulfide, and thiosulfenates. Probably the most studied
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compound among these has been ‘Allicin’, a thiosulfenate that is produced by enzymatic
breakdown of alliin found in intact cells of Allium plants. In addition to rendering flavor,
it has been demonstrated to act against various human disorders and illnesses. Interaction
of allicin with various cellular processes resulting in human cancers has been shown to
inhibit carcinogenesis.[209–212] Inhibitory effect of this compound via interaction with
molecules vital for molecular pathways leading to various inflammatory diseases has
also been documented.[213–215] The attenuating effects of allicin on neural injuries[216]

and antimicrobial action[217] have been studied in in vivo and in vitro conditions. In
addition to allicin, similar bioactivities have been observed in other sulfur compounds, for
example, S-allyl-L-cysteine. The neuroprotective activity of garlic S-allyl-L-cysteine against
endoplasmic reticulum (ER) stress induced neurodegenerative diseases like Alzheimer’s,
Parkinson’s and Huntington’s has been attributed to its suppressing effect on caplain,
a Ca+2 dependent cysteine protease enzyme via binding to its Ca+2 interaction sites.[218]

However, the same activity by S-ethyl-L-cysteine, S-methyl-L-cystein and S-propyl-
L-cysteine was found to be independent of caplain inhibition and stronger than that of
S-allyl-L-cysteine.[219] Diallyl sulfide, another S-compound has been well studied in garlic
for bioactivity against periodontitis. It has been found to have inhibitory effect on mRNA
expressions of IL-1B, IL-6 and TNF-α genes, protein expression of IL-1B and TNF-α genes
and nuclear translocation of NF-κB gene in human gingivalis fibroblasts (HGFs) that elicit
this disease on stimulation by lipopolysaccharides released by pathogen Porphyromones
gingivalis.[220] Thiosulfenates found in garlic and onion are also well known to have
antidiabetic effects.[221] Their activity against accumulation of excess sugar in blood was
found to be through their antioxidant action, which prevents oxidative damage to pan-
creatic β-cells responsible for insulin secretion and also through inhibition of α-
glucosidase enzyme responsible for hydrolyzing polysaccharides into absorbable mono-
saccharides causative of sugar elevation in blood.[222] Organosulfur compounds of Allium
species have also shown bioactivity against obesity and are preferred over conventional
drugs with side effects.[223–225]

Although research on their functionality and modes of action is considerable, progress
in genetic enhancement of Allium species, most importantly onion and garlic, for quanti-
tative and functional enrichment of these bioactives seems juvenile. Allinase, the enzyme
responsible for synthesis of allicin, has been most widely studied compared with all
therapeutically relevant entities found in Allium species. Pioneering studies on alliinase
involved analysis of encoding gene(s) to understand evolutionary history and phylogenetic
relationships among Allium species with respect to this enzyme. cDNA constructed from
garlic alliinase was found to have high degree of similarity among different species and
a family of closely related genes was thought to encode alliinases across this genus.[226]

Within a species, cDNA cloning revealed low homology between root alliinase and bulb
alliinase of the same plant. This DNA sequence divergence suggested their encoding from
two different genes.[227] In yet another study, alliinase cDNA sequence from onion roots
was found to have different per cent homologies with known root and bulb alliinases. This
cloned sequence also showed similarity with the same region in dicot plants with respect
to G + C content.[228] Later, alliinases began to be analyzed in other species. Their per cent
homologies with onion and garlic alliinases shed more light on its evolution and expres-
sion. Alliinase specific primers were used to isolate two new versions and their homologs
of alliinase from Allium obliquum, Allium senescens ssp. montanum, Allium fistulosum and
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Allium schoenoprasum. Sequencing revealed high variability among species where simi-
larity ranged from 55.5% to 77.5%.[229] At species level, dissimilarities among garlic
genotypes from five different countries were divulged at intron level facilitating develop-
ment of alliinase specific molecular marker.[230] Variant alliinase amplicons from four
different cultivars of garlic exhibited not only sequence diversity in introns but provided
for the development of ILP (intron length polymorphism) marker for use in garlic
breeding. Multicopies of alliinase gene confirmed that enzyme is encoded by a gene family.
In line with previous findings, exons were found highly conserved.[231]

Among flavonoids, quercetin has traditionally enjoyed greatest attention. Genetically,
quercetin is responsive to improvement through breeding, as it shows variability among
onion populations[183,184] but is largely independent of growing locations.[232] High level
of heritability and response to selection was observed for quercetin expressed as total
flavonols, thus suggesting selection as method of breeding to increase quercetin contents
in onion. Also genetic control of total flavonols was suggested to be multigenic.[233]

Understanding of these functional components from molecular, genetic and biochem-
ical perspectives needs to be strengthened so as to optimize their therapeutic efficacy
alongside providing nourishment. Despite their established reputation as ‘natural healing
and restorative foods’, there is great need to more strongly engage them in developing
a new generation of medicine system that would involve plant based pharmaceuticals with
no side-effects and toxicity. The findings of above mentioned and many more studies to
come; especially on quercetin and alliinase will have significant industrial applications in
developing such a system.

Conclusion

Many cosmopolitan as well as niche Allium species are cultivated worldwide along with
maintenance rearing of wild and non-commercial species like Allium roylei Stearn., Allium
galanthum, Allium pskemense and Allium altaicum. These species vary in their ploidy
from diploid to octoploid and more. Almost all species are identified for their therapeutic
potential apart from the food and condiment uses of many of them, most notably
common onion, potato onion, garlic, chives, leek, shallot and scallions. The genetic
understanding of these species/crops has till date been mostly elusive due to various
intrinsic reasons. However, efforts through genomic and phenotypic studies have accel-
erated their breeding and genetic improvement, for example, identification of male
sterility in onion by Jones and Clark in 1942 that led to discovery and development of
male sterile lines in US way back in 1940s. The trend of hybrid development took up pace
in the developed world; however, in developing countries, endeavors on identifying male
sterility harboring populations and subsequently isolation of CMS lines rose very recently,
congruently with the development of molecular markers for male sterility. Today, these
markers are capable of determining both mitochondrial and nuclear factors responsible
for male sterility in onion. Markers for bulb color are the next fastest evolving aspect of
onion marker development studies. Mapping of some important genes has been done with
the help of monosomic addition lines and molecular markers, which have paved path for
targeted selections and partial linkage maps have been obtained mostly in onion. Genome
sequencing in Allium species is extremely challenging and till date onion and garlic
genomes have only been partially sequenced using NGS platforms. Complete organellar
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genomes have been sequenced in many of these species to reveal male sterility related
ORFs and phylogenetic relationship amongst them. Transcriptomic studies have been
mostly done for therapeutic compounds in onion and flowering in garlic. The inheritance
studies of major traits like bulb color in onion had been done for many decades but with
advent of molecular markers and linkage maps, the knowledge was further enriched and
breeding for these traits made easier. Cross species hybridization was made possible to
transfer resistance genes from wild species through conventional back crossing as well as
marker assisted back crossing. In order to circumvent the use of inbreds in developing F1
hybrids because of inbreeding depression, doubled haploids were attempted in onion and
success was recorded by few workers in developing DHs for experimental and even
commercial use. Contrary to traditionally established apomictic nature of garlic, synga-
mous garlic accessions were collected as well as induced to flower and set seed under
controlled conditions. The success led to other achievements like creation of variability
and development of genetic maps in garlic, which was earlier thought to be unattainable.
The particle bombardment and Agrobacterium tumefaciens mediated genetic engineering
in onion, garlic and leek has been done to introduce, among other traits, biotic resistance
and low lachrymatory factor, thus, evolving transgenic alliums, most notably ‘Tearless
Onion’. Therapeutic components in Allium species have been studied in vivo to under-
stand their molecular modes of action against many human diseases, their homology
across species and generation of resources for use in breeding. The most important of
these being flavonoids like quercetin and organosulfur compounds like allicin and other
thiosulfinates.
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