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ABSTRACT 
This review outlines innovative methods for garlic breeding improvement and discusses the techniques used to increase variation like 
mutagenesis and in vitro techniques, as well as the current developments in florogenesis, sexual hybridization, genetic transformation and 
mass propagation. Sexual sterility of garlic reduces its potential for improvement of desired traits. Restoring fertility in this crop, which 
has been vegetatively propagated for millenia, provides new genetic possibilities for breeding purposes and/or genetic studies. In this 
context the recent developments on the manipulation of garlic florogenesis are discussed and it is shown that specific environmental 
conditions might allow for fertility restoration and seed production in bolting garlic. Furthermore the introduction of Agrobacterium-
mediated and biolistic gene transfer systems in garlic, a species known for its recalcitrant behaviour in in vitro culture, are reviewed. 
Attention is paid to the development of a high quality callus year-round production method for transformation. Also the first garlic 
transgenics resistant to beet armyworm (Spodoptera exigua) and herbicides will be introduced. Garlic friable embryogenic calluses are of 
pivotal importance for the establishment of cell suspension cultures needed for rapid multiplication of elite garlic genotypes. The 
development of these suspension cultures are discussed in this review. It is shown that a large number of somatic embryos (potentially 8 x 
109 to 1011) can be produced annually, from a single clove, for each current variety and that the conversion into plantlets amounts 
approximately 50%. 
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INTRODUCTION 
 
Garlic is a diploid (2n=2x=16) predominantly cross-fertili-
zing species. Garlic however has lost its blooming potential 
and fertility already millenia ago and thus vegetative propa-
gation is the sole production system used. Consequently 
garlic breeding has been limited to the selection of the pre-
existing genetic variability and increase in garlic variability 
was attempted via mutation breeding and in vitro tech-

niques, however with very limited successes. In recent years 
increase in garlic variability is sought via sexual hybridiza-
tion and genetic transformation. In all cases, an efficient 
mass propagation system is needed for multiplication of se-
lected elite material for commercial purposes. In this re-
view, the current status of mutation breeding, somaclonal 
variation, sexual hybridization, genetic transformation and 
mass propagation in garlic will be discussed. 
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MUTAGENESIS AND SOMACLONAL VARIATION 
 

Natural occurring variation originates from two sources 
namely genetic recombination and mutation. Domestication 
of garlic involved the selection of genotypes with strong 
vegetative development and bulb production. This selection 
process decreased generative reproduction and resulted in 
the development of almost only asexually propagating gar-
lic cultivars. How long this situation is already occuring is 
not known, but it can most probably safely be stated that 
genetic recombination did not contribute much to the in-
crease of variation in the garlic genepool over the last thou-
sands of years. No information is available on the effects of 
natural occuring mutations in garlic. 

Reports dealing with mutation breeding research in gar-
lic are very scarce. Al-Safadi et al. (2000) showed that via 
the use of gamma irradiation (4-7 Gray) the resistance to 
white rot (caused by Sclerotium cepivorum) could be im-
proved. In cultivar ‘Kisswany’ the infection by white rot 
could be reduced to 3% as compared to 29% in the control, 
in cultivar Yabroudy these figures amounted less than 5% 
white rot infection for mutant lines versus 20% infection 
for the control. Recently Taner et al. (2005) determined the 
effective dosis for Cesium-137 around 4.5 Gray for muta-
tion breeding in garlic. 

Induction of somaclonal variation in garlic and its use 
in plant breeding was scarcely carried out. In vitro culture 
was primarily aimed at the rapid propagation of elite mate-
rial (for review see Novak 1990). Novak (1990) concluded 
that direct organogenesis in the absence of a dedifferentia-
ting callus stage in in vitro culture of various garlic tissues, 
like bulb plate, inflorescences and apical meristems, resul-
ted in genetically uniform plants. A callus phase on the 
other hand often leads to somaclonal variation. In this con-
text, Al-Zahim et al. (1999) showed that basal plate callus 
cultures generated significant somaclonal variation of five 
garlic cultivars as determined by RAPD and karyotype ana-
lyses. Via RAPD analyses it was found that the frequency 
of variant RAPD fragments was around 0.63%. Karyotype 
analyses indicated that 16% of the regenerants were abnor-
mal (non-diploids). Comparing these data with data from 
other plant species indicated that stress due to in vitro con-
ditions has a considerable impact on the genome constitu-
tion of garlic (Al-Zahim et al. 1999). 

 
SEXUAL HYBRIDIZATION 
 
Florogenesis 

 
Similar to many geophytes (Flaishman and Kamenetsky 
2006), garlic florogenesis consists of five distinct phases: 
meristem transition from vegetative to reproductive stage, 
scape elongation, inflorescence differentiation, completion 
of floral development, and anthesis (Kamenetsky et al. 

2004b). In garlic, the apical meristem may undergo any of 
the following developmental processes: (1) initiation of an 
incomplete leaf, cessation of growth activity, and finally de-
generation; (2) formation of a dormant clove; (3) initiation 
of a spathe (prophyll), followed by the formation of a floral 
meristem and inflorescence differentiation (Takagi 1990). 
The transition of the apical meristem from a vegetative to a 
reproductive state occurs in the field, during the active 
growth stage (Kamenetsky and Rabinowitch 2001). 

In general, the garlic inflorescence can be described as 
an umbel-like flower arrangement, whose branches (flower 
clusters) arise from a common meristem. An initial elonga-
tion of the flower stalk precedes the spathe (prophyll) for-
mation and the swelling of the floral meristem. The diffe-
rentiation of floral initials begins only after the scape rea-
ches 5-7 mm in length and the apex diameter exceeds 0.5 
mm. Later, the apical meristem subdivides to form several 
swellings, each of which gives rise to a number of individu-
al flower primordia. Concomitantly, leaf-like membranous 
bracts appear at the periphery of the inflorescence, and grow 
faster than the developing floral primordia. The differentia-
tion of individual flowers begins when the inflorescence 
meristem reaches a diameter of about 2-3 mm (Kamenetsky 
and Rabinowitch 2001; Fig. 1A-C). 

In the individual flower, each perianth lobe and the sub-
tended stamen arise simultaneously from a single primordi-
um, as in bulb onion (Jones and Emsweller 1936; Esau 
1965; de Mason 1990), shallot (Krontal et al. 1998) and 
other Allium species (Kamenetsky and Rabinowitch 2002). 
Following differentiation of the outer perianth lobes and sta-
mens, the inner whorl is differentiated, and the carpels are 
initiated when the outer perianth lobes overarch the stamens 
(Kamenetsky and Rabinowitch 2001). In some garlic culti-
vars, e.g., the Japanese ‘Shanhai-wase’, floral malformati-
ons and abnormal formation of embryo sacs may occur du-
ring flower differentiation (Etoh 1985). 

When floral pedicels elongate and the inflorescence be-
comes spherical, new undifferentiated meristematic domes 
become visible at the periphery of the inflorescence. These 
quickly differentiate and develop into small inflorescence 
bulbs (topsets) (Kamenetsky and Rabinowitch 2001; Fig. 
1D), which intermingle with the young flowers and physi-
cally squeeze the developing floral buds, thus causing their 
degeneration (Fig. 1E). Therefore, in some garlic clones, a 
perpetual removal of the developing topsets resulted in the 
development of a small number of normal flowers some of 
which produced viable pollen and seed (Konvicka 1984; 
Etoh et al. 1988; Pooler and Simon 1994; Jenderek 1998; 
Jenderek and Hannan 2000; Kamenetsky and Rabinowitch 
2002; Simon and Jenderek 2004). 

Gustafsson (1946, 1947; cited by Etoh 1985) assigned 
Allium species to the group of viviparous plants, in which 
topsets (bulbils) develop instead of flowers or intermingle 
with flowers in the inflorescence. Later sterility was as-

Fig. 1 Florogenesis of garlic. (A) Apical 
meristem at vegetative stage (vm); leaf 
primordium (lp) is visible; accession 
#3026. Bar = 0.1 mm; (B) Apical meri-
stem at reproductive stage; first flower 
primordia (fp) are visible; spathe (sp) 
removed; accession #3026. Bar = 0.5 
mm; (C) Differentiation of individual 
flowers (f); accession #3026. Bar = 1 
mm; (D) Differentiation of topsets 
(arrows) following flower differentiation. 
Bar = 1 mm; (E) Topset formation in the 
inflorescence of accession #2509. Pre-
planting storage at 4°C. Bar = 1 cm; (F) 
Fully differentiated inflorescence of 
accession #3026 after spathe opening. 
Pre-planting storage at 4°C. Bar = 2 cm. 
From: Rotem et al. (2007), with kind 
permission of Oxford University Press. 
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sumed to result from competition for nutrients, between 
floral and vegetative buds (topsets) in the developing in-
florescence (Koul and Gohil 1970); degeneration of the 
tapetum (Novak 1972) or degenerative-like diseases, in-
duced by organisms such as rickettsia, mycoplasma and/or 
viruses (Konvicka 1973). 

In garlic, differentiation of topsets begins in the per-
iphery of the apex. Size, number and pace of development 
vary with the genotype. Following initiation, topsets deve-
lop quickly and, in most cases, with consequent degrada-
tion and abortion of the developing flower buds. Different 
morphotypes vary in the ratio between flower and topset 
buds, and time of floral abortion. 

In horticultural practice softneck and hardneck garlics 
are recognized, however from a physiological point of 
view the terminology bolters and non-bolters is more cor-
rect. Scape elongation and inflorescence development vary 
considerably among garlic varieties and were classified by 
Takagi (1990) as: (1) Nonbolting – with a few exceptions 
these plants do not form normally a flower stalk, but pro-
duce cloves inside an incomplete scape. They form a bulb 
made of cloves developing in the axils of the five or 
youngest foliage leaves, (2) Incomplete bolting – plants 
produce a thin, short flower stalk, bear only a few large 
topsets, and usually form no flowers; the stalk and topsets 
may remain enclosed by the pseudostem. These genotypes 
form a bulb made of cloves developing in the axils of the 
two or three youngest leaves and (3) Complete bolting – 
plants produce a long, thick flower stalk, with many flow-
ers and topsets; these genotypes normally form bulbs made 
of cloves in the axils of the two youngest foliage leaves. 

Scape development and blooming in garlic are deter-
mined by the genetic make-up of the individual plant and 
the environment (Takagi 1990) and thus variation can also 
be observed within a single clone (ERJ Keller, pers. comm., 
2002). Long photoperiod is both obligatory and quantita-
tive for the reproductive process of garlic. Long days are 
required for scape elongation beyond the leaf sheaths while 
continuous short photoperiods result in a dwarfed scape 
enclosed inside the false stem. The process is triggered by 
long photoperiods in post-transitional plants and permits 
the completion of florogenesis (Kamenetsky et al. 2004b). 

Under exclusively long day conditions, scape elonga-
tion is fast, but only a few plants reach maximum inflores-
cence size and spathe-break, probably because of hormonal 
effects and changes in distribution of assimilates between 
the developing bulb and inflorescence (Rosen and Tong 
2001). Cold storage (-2 to 9°C) or low field temperatures 
and long photoperiod may promote scape elongation in 
non-bolters and incomplete bolters, whereas high storage 
or field temperatures, and short days might inhibit scape 
elongation in bolting plants (Kamenetsky et al. 2004b). 

In the developing inflorescence, flower formation is 
followed by differentiation of topsets and is promoted by a 
long photoperiod. Sophisticated manipulation of the envi-
ronment, both prior to and after planting, can lead to the 
development of viable flowers in a topset-free umbel (Fig. 
1F). However, normal flowering cannot be achieved if one 
of the developmental stages is disturbed. 
 
Fertility restoration and seed production 
 
The sexual sterility of garlic inhibits or markedly reduces 
possibilities of improvement of economically important 
traits, including pest and disease resistance, yield, and 
quailty, through breeding. Restoration of fertility after mil-
lennia of vegetatively propagation opens for the first time 
new horizons for breeding and genetic studies in garlic. 
Many researchers attempted to restore fertility in garlic 
(Kononkov 1953; Novak and Havranek 1975; Katarzhin 
and Katarzhin 1978; Konvicka 1984; Etoh 1985; Etoh et al. 
1988; Etoh 1997; Etoh and Simon 2002; Kamenetsky et al. 
2004a, 2004b; Simon and Jenderek 2004). 

Under the same environmental conditions, garlic acces-
sions differ significantly in morphological and physio-

logical traits, including leaf number prior to bolting, flower-
ing date (date of spathe opening), final stem length, as well 
as in flower/topset ratio and pollen viability (Etoh 1985, 
1986; Takagi 1990; Pooler and Simon 1993a, 1993b; Enge-
land 1995; Etoh and Simon 2002; Simon 2003; Kamenet-
sky et al. 2004b; Simon and Jenderek 2004; Kamenetsky et 
al. 2005). Marked variation among garlic clones with re-
gard to flowering ability and flower to topset ratio led Etoh 
(1985) to propose that garlic undergoes a process of transi-
tion from sexual to asexual reproduction. Accordingly, an-
cestral garlic had normal meiosis, was fertile, and developed 
numerous flowers in the long-scaped umbel. Compared with 
modern clones, ancestral plants probably had greater adap-
tation to a variety of climatic conditions, a larger numbers 
of foliage leaves, and diverse maturation dates. The status of 
garlic fertility prior to domestication is at present unclear. 
However, fertility restoration by decapitation, removal of 
topsets and/or environmental manipulation clearly indicates 
that the genetic cascade coding for flowering remained in-
tact and is not impaired. In some garlic genotypes gradual 
accumulation of chromosomal mutations during millennia 
of vegetative propagation resulted in complete sterility, 
shorter scapes and fewer flower buds and topsets. Domes-
tication and subsequent cultivation and sterility of garlic has 
probably been accelerated by selection for larger bulbs. 

Central Asia, the centre of origin for many Allium spe-
cies, is a valuable source for Allium diversity, and a good 
potential for solving the enigma of its sterility (Hanelt 1990; 
Simon 2003). In the early 1980s, expeditions to Central Asia, 
collected a number of garlic accessions in Uzbekistan, Tad-
jikistan, Kirgizistan, and Kazakhstan (Etoh et al. 1988). The 
collected plants were grown at Kagoshima, Japan, and fol-
lowing topset excision, 17 clones developed fertile flowers 
with over 3,000 viable seeds. One of the clones was male 
sterile. Later, more fertile garlic plants were found in Ar-
menia, Georgia, and Sin-Kiang (Etoh et al. 1991). Pooler 
and Simon (1994) improved floral production and seed set 
by scape decapitation and removal of topsets, but seed ger-
mination was low and ranged between 10 and 12%. Later, 
Inaba et al. (1995) and Jenderek (1998) obtained 50,000 and 
1.2 million garlic seeds, respectively. They identified 27 
clones as highly fertile, producing over 400 seeds per umbel, 
with seed germination of 67 to 93%. Removal of topsets 
was necessary only in the early generations, as the strong 
selection pressure for blooming and seed production 
resulted in improved seed set. Recently, fertile accessions 
were identified in the USDA garlic collections (Jenderek 
and Hannan 2000, 2004), producing 0-85 seeds per umbel in 
the first propagation cycle. Major blooming traits, including 
flower stem appearance, spathe opening, umbel shape, and 
the number of flowers per umbel were stable and similar ac-
cross populations evaluated. 

The first step towards marker-assisted selection of fer-
tile garlic clones was made by Etoh and Hong (2001) using 
RAPDs. They screened twelve pollen fertile and sterile 
clones using 60 10-mer primers and found two RAPD mar-
kers, which amplified only in the pollen fertile clones. 
These two markers were further tested on 60 clones, and 
found to be correlated to pollen fertility. 

During 1995-2001, collection missions to Central Asia 
have gathered over 300 garlic land races and plants from 
natural populations (Baitulin et al. 2000; Kamenetsky et al. 
2004b). The collection was evaluated in Israel for fertility 
and many other traits, and 30 accessions produced seeds. In 
Israel, the seven most productive accessions produced 400-
500 seeds per umbel, with germination rates around 90%, 
and normal seedlings development. The young plants for-
med two to five leaves, prior to bulbing and ripening. How-
ever in the Netherlands, under field and greenhouse condi-
tions, the aforementioned clones produced only small num-
ber of seed with less than 5% germination. It is speculated 
that field conditions in the Netherlands are less conducive to 
quality seed production than those in Israel (Kamenetsky et 
al. 2005). 

A search for genes involved in the control of flowering 
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in garlic, resulted in identification of garlic LEAFY/FLO 
homologue, gaLFY (Rotem et al. 2007). gaLFY is ex-
pressed in both flowering and non-flowering genotypes, 
however further comparative analyses of gene expression 
revealed two gaLFY transcripts, differing in 64 nucleotides, 
with clear splicing borders. The short one was common in 
both genotypes throughout their development, whereas the 
long variant appears in the flowering genotype only during 
the reproductive phase. Thus, the phenotypic differences in 
garlic, with regard to flowering, may be associated with the 
efficacy of the splicing process. 

Open-pollinated families of garlic seedlings populations 
exhibit a large variation in many traits including single-
clove bulbs with white, purple, gray and brown skins dif-
fered in bulbing ability and ripening dates (Kamenetsky et 
al. 2004b), survival ability (7.8-83.3%), bulb maturity, bulb 
weight (0.1-53.3 g), number of cloves (2.9-10.4), and the 
ability to mature in one growing season (76.5-100%) (Jen-
derek 2004; Jenderek and Zewdie 2005). Seedlings popula-
tions also possess important traits like disease resistance, 
for example, tolerance to rust, Puccinia allii (Jenderek and 
Hannan 2004). This partial list of variable traits indicates 
the potential present in sexually derived progenies for the 
improvement of garlic. The discovery of fertile plants on 
one hand and the development of a sophisticated environ-
mental system (Kamenetsky et al. 2004b) for fertility res-
toration, thus enable in depth studies on the genetics of gar-
lic, on flowering and fertility in plants, as well as classic 
and molecular breeding work crop improvement. 

Zewdie et al. (2005) constructed the first linkage map 
of garlic on the basis of a population of 84 individuals, ori-
ginating from a selfing of a single plant, using SNP, SSR, 
and RAPD markers. Thirty-seven genetic markers formed 
nine linkage groups covering 414.5 cM and many of the 
markers proved to have a skewed segregation. A male fer-
tility locus was also included in the map. Ipek et al. (2005) 
constructed, on the basis of progenies originating from sel-
fing two unrelated garlic plants, two low-density genetic 
maps, using AFLP and gene-specific markers. A total of 
360 and 321 markers segregated in the two populations res-
pectively, indicated a high level of heterozygosity in the nu-
clear genome. 94.7% of the segregating traits fit a 15:1 ratio 
for two loci, suggesting extensive levels of duplication in 
the garlic genome and supporting similar observations for 
onion. 

One option for breeding new garlic varieties is the de-
velopment of a system similar to the one used for potato, 
namely annual cross-fertilization of a large number of gar-
lic clones and the subsequent selection between and within 
progenies over the years originating from these hybridiza-
tions (Kik 2002). An alternative option is the selection of 
highly fertile parental lines and the production of hybrid 
seed for direct seeding. The latter case would save the need 
for vegetative propagation and virus elemination (Salomon 
2002). 

 
GENETIC TRANSFORMATION 
 
Regeneration systems 

 
A successful garlic genetic transformation system depends 
on two key factors: refined of methods for the introduction 
of preferred target genes into garlic, and the development of 
sophisticated recovery methods of intact plants, either from 
fully dedifferentiated or from organized tissues. 

Regeneration via somatic embryogenesis in garlic was 
first reported from calli of bulb leaf discs and stem tips by 
Abo El-Nil (1977). Subsequently, Fereol et al. (2002, 2005a, 
2005b) used young leaf explants from four European garlic 
cultivars to produce embryogenic calli and obtained effici-
ent regeneration via somatic embryos. Regeneration in gar-
lic was also reported from basal plate (Al-Zahim et al. 
1999), leaf (Wang et al. 1994; Zheng et al. 1998a), recep-
tacle (Xue et al. 1991), and flower buds (Suh and Park 
1988). Suh and Park (1995) used abnormal garlic roots der-

ived from anthers, pedicels, and bulbils as explants to rege-
nerate plantlets. Other reports on organogenesis or embryo-
genesis in regenerants of garlic plants were mainly based on 
shoot tip or stem disc explants (Kehr and Schaeffer 1976; 
Nagasawa and Finer 1988; Choi et al. 1993; Ayabe et al. 
1995; Ayabe and Sumi 1998; Myers and Simon 1999; 
Kondo et al. 2000; Hasegawa et al. 2002). Haque et al. 
(1997, 1999) obtained up to 75% shoot regeneration from 
garlic root tips without an intervening callus phase. It is thus 
evident that root tip explants are commonly used for the 
development of a garlic regeneration system with or without 
a callus phase (Haque et al. 1997, 1998; Barandiaran et al. 
1999a, 1999b; Robledo et al. 2000). However, this type of 
explant is in limited supply per plant. Myers and Simon 
(1998) reported on a continuous callus production and re-
generation system from garlic root segments including root 
tips, but the time from tissue sampling to regeneration re-
quired 10 months. Using both apical and non-apical garlic 
root segments from the four most widely cultivated Europ-
ean garlic cultivars, namely ‘Messidrome’, ‘Morado de Cu-
enca’, ‘Morasol’, and ‘Printanor’, Zheng et al. (2003) de-
veloped an efficient procedure for callus induction and rege-
neration procedure thus requiring 2 months for callus induc-
tion followed by 2 months of regeneration, with the same 
efficiency as the systems developed by Zheng et al. (1998b, 
1999) for other Allium crops. The use of both apical and 
non-apical root segments for callus production provides am-
ple root segments that can be harvested every 4–6 weeks 
from in vitro plantlets. Such young and actively dividing 
callus is uniquely suitable for genetic transformation year-
around. 
 
Transformation systems 

 
Despite recent progress in restoration of garlic fertility, the 
availability of a reliable genetic transformation system re-
mains highly valuable due to lack of variability in desired 
traits, or because of insurmountable species barriers. Trans-
formation of recalcitrant monocots like rice, wheat, barley 
and maize has been achieved by direct gene transfer sys-
tems: chemical methods, electroporation, particle bombard-
ment and silicon carbide fibres (Curtis 2004). Recently, 
Agrobacterium-mediated transformation of monocots has 
gained favour and many transgenic plants have been ob-
tained using specific Agrobacterium strains (Hiei et al. 
1994; Rashid et al. 1996; Cheng et al. 1997; Tingay et al. 
1997; Ishida et al. 1996; Arencibia et al. 1998). Agrobac-
terium-mediated transformation offers several advantages 
over the other systems, the most important being the ability 
to deliver a single or low number of intact copies of rela-
tively large segments of foreign DNA. 

Recent reports also show that genetic transformation has 
become possible in Allium (for review: Eady 2002). Klein et 
al. (1987) were the first to develop a high-velocity micro-
projectile method and demonstrated that epidermal tissue of 
onion could take up foreign DNA sequences. Wang (1996) 
tried to develop transgenic nuclear male sterile leek (Allium 
porrum L.) as a first step to introduce F1 hybrid breeding 
into leek. Particle bombardment was used to integrate bar-
nase and barstar genes into the leek genome. It was ob-
served that both genes were present in the genome, however 
no data on pollen fertility were presented. Transient expres-
sion was shown with particle bombardment in garlic (Ba-
randiaran et al. 1998; Ferrer et al. 2000) and Park et al. 
(2002) and Sawahel (2002) reported that transgenic garlic 
plants could be generated by this method. With respect to 
Agrobacterium-mediated gene transfer, Dommisse et al. 
(1990) demonstrated that onion is also a host for Agrobac-
terium as evidenced by tumorigenic responses and opine 
production inside these tumours. Using Agrobacterium tu-
mefaciens, Eady et al. (2000, 2003a, 2003b, 2005) deve-
loped a stable transformation protocol using immature em-
bryos of A. cepa, A. porrum and A. sativum. Kondo et al. 
(2000) used highly regenerative calli from shoot primor-
dial-like tissues to produce transgenic garlic plants by 
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Agrobacterium-mediated gene transfer. Zheng et al. (2001a, 
2001b, 2004b, 2005) developed a reproducible and stable 
transformation protocol using calli derived from mature 
embryos of onion and shallot (Zheng et al. 2004b), and 
stably transformed garlic mediated via A. tumefaciens using 
young callus from different sources (Zheng et al. 2004a). 
Calli derived from apical and non-apical root segments of 
in vitro plantlets of garlic were used and via Agrobacterium 
tumefaciens mediated transformation GUS (�-glucuroni-
dase) and GFP (green fluorescent protein) reporter systems 
were introduced into garlic (Fig. 2). Several independent 
transformed garlic callus lines were obtained within 6 
months. The highest transformation frequency in a single 
experiment (1.47%) was obtained using garlic cv. ‘Printa-
nor’ and differences between cultivars in transformation 
frequency were not significant. After transfer to the green-
house of in vitro regenerants, transgenic garlic harbouring 
the uidA (GUS) gene survived easily and grew well, where-
as some gfp transgenic garlic gradually died under these 
conditions. 

Using the aforementioned protocol, for the first time, 
transgenic garlic resistant to beet armyworm (Spodoptera 
exigua) using cry1Ca and H04 resistance genes from Ba-
cillus thuringiensis were developed (Zheng et al. 2004a). 
Southern hybridization showed that the cry1Ca sequence 
was stably integrated into the garlic genome. The cry1Ca 
transgenic garlic plants developed normally in the green-
house to maturity producing normal bulbs, but none of the 
transgenic in vitro H04 garlic plants survived the transfer 
to the greenhouse. Transgenic cry1Ca garlic plants proved 
completely resistant to beet armyworm in a number of in 
vitro bio-assays (Fig. 3), thus providing good perspectives 
for the development of new garlic cultivars resistant to beet 
armyworm. 

 
 
 

 

ELITE LINE MASS PROPAGATION THROUGH 
EMBRYOGENIC CELL SUSPENSION CULTURES 
 
Rapid dissemination of new improved garlic varieties is 
possible depending upon the availability of efficient 
vegetative mass propagation methods, which will also be 
useful for virus-free garlic production systems. Indeed, the 
main constraint in garlic cultivation is the damage caused by 
virus diseases. Two potyviruses (OYDV and LYSV) and 
two latent viruses (Allexivirus and Carlavirus) are the major 
biotic factors affecting garlic clones, reducing plant deve-
lopment and bulb production significantly (Lot et al. 1994). 
The traditional scheme of a vegetative propagation system 
usually involves a four year process including the produc-
tion of virus-free stock material, a mass propagation method, 
a vegetative propagation system and the distribution of high 
quality virus-free bulbs. Methods for eliminating viruses 
and producing virus-free material have been developed in 
the past 30 years, using meristem-tip culture (Walkey et al. 
1987; Chovelon et al. 1990). Mass propagation methods 
were developed and several protocols of micropropagation 
were reported (Table 1). However, the multiplication rates 
of the regenerated garlic material were rather low and costly. 
Therefore suspension cultures, which are often used in other 
species with high efficiency and low cost, may provide a 
solution (Nagasawa and Finer 1988; Aitken-Christie 1991; 
Barrueto Cid et al. 1994). 
 
Establishment of embryogenic suspension 
cultures 

 
Young leaf and root explants produce calli on induction me-
dium. Following size increase two distinct types are recog-
nizable, one hyperhydric, translucent and nodular, the other 
nodular with a yellowish colour. The two types of calli were 
generally located at leaf edges near a vein or a root section. 
Clumps of the second type gave rise to somatic embryos, 
indicating their embryogenic potential (Fereol et al. 2002). 
Histological sections of these nodular yellowish calli 
showed globular masses with peripheral meristematic cells 
and isolated embryogenic cells containing large amounts of 
storage proteins. 

It is well established that high percentage of root seg-
ments incubated in 2,4-D developed calli. Furthermore it 
has been shown that young leaf explants, excised from the 
three inter-most leaves of the garlic shoot, are more suitable 
for the development of embryogenic calli. A low level of 
2,4-D (0.3 mg/l) resulted in a success rate of 90% callus 
production (Barandiaran 1999a, 1999b), with over 30% em-
bryogenic calli. Monthly sub-cultured nodular, compact em-
bryogenic calli became friable after 6 months. They mostly 
consisted of embryogenic and pro-embryos cells at an early 
developmental stage. Up to 60% of the explants produced 
this type of embryogenic friable calli. 

Cell suspension cultures can be initiated from friable 

Fig. 2 Garlic transformation. (A) Transient 
expression of GUS in two-month old callus 
derived from root segment of cv. ‘Printanor’; 
infection  with AGL0 (pPB36) after four 
days of co-cultivation, (B) Hygromycin-
resistant callus of cv. ‘Printanor’ after two 
months growth on selective medium, (C) 
Plant regeneration of cv. ‘Printanor’ trans-
formed with AGL0 (pPB34). The photograph 
was taken four weeks after the hygromycin-
resistant shoot had been transferred to rooting 
medium with hygromycin, (D) Expression of 
GUS in the leaves of a transformant, (E) 
Expression of GUS in the root of a trans-
formant, (F) Transgenic garlic plants in the 
greenhouse. From: Zheng et al. (2004a), with 
kind permission of Springer Science and 
Business Media. 
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Fig. 3 Transgenic Bt garlic. Transgenic cv. ‘Printanor’ transformed with 
pPB36 resistant to beet armyworm (right image) and non-transgenic cv. 
‘Printanor’ (left image). From Zheng et al. (2004a), with kind permission 
of Springer Science and Business Media. 

BA 
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embryogenic calli which are less than 18 months old. When 
the fresh calli were inoculated in liquid medium they re-
leased numerous individual cells and small cell aggregates. 
The cell density of the suspension continuously increased 
due to the cell divisions, and consequently a rapid cell sus-
pension growth was observed with a 5-7 fold monthly in-
crease (Fereol et al. 2005a). Histological examination of the 
suspension thus initiated revealed many cells with embryo-
genic characteristics: dense cytoplasm, large central nucle-
us with large nucleolus, large amount of storage proteins 
and some starch grains. The initial cell density in the sus-
pension culture significantly affected the packed cell vol-
ume (PCV) rate and the potential of embryo production. 

Low cell densities proved to be best for mass cell produc-
tion while high densities are best for embryo differentiation, 
probably due to the fact that medium composition is being 
altered by the cultured cells in a way that allows cell dif-
ferentiation. Below a certain minimum density there are too 
few cells to affect this response (Ammirato 1983; Hari 
1980) thus cells propagation continues. An initial cell den-
sity of 3-4% was particularly preferable both, for long term 
suspension culture and for maintaining a better potential for 
later regeneration of embryos. The periodicity of medium 
renewal significantly affected the PCV rate and the poten-
tial of production of embryos. Media refreshing every 14 
days and subculturing the cell suspension every 28 days 

Table 1 Overview in vitro propagation techniques used in garlic. 
Cultivar Explant Basal 

medium 
PGR 
 

Sucrose 
Conc. 

Morphogenic 
pathway 

Efficiency References 

Extra Early 
White 

Stem tip, 
Stem segment, 
Bulb leaf 

AZ C: p-CPA/2,4-D/Kin:  
10/2/0.5 μM 

R: IAA/Kin: 10/20 μM 

2% Organogenic C No data presented Abo El Nil 1977

Isshuwase, 
Isshu-gokuwase, 
Shanhai, Santo, 
Furano, White-
roppen 

Meristem LS S induct: IAA/BA: 1/1 μM 
S prolif: NAA/BA: 5/10 μM 

3% S prolifera- 
tion and in vitro  
bulblet formation 

86% of meristems 
gave shoots 
138 shoots from 
one shoot in 7 
months 

Nagakubo et al. 
1993 

White-roppen Basal end of 
bulblets 

MS 
modified 

S induct: NAA/BA: 0.5/0.5 mg/l 
S prolif: NAA 0.05 mg/l  

2% Adventitious 
S 

10 shoots/bulbet 
in 8 weeks 

Masuda et al. 
1994 

Chonan Inner leaves of 
small bulbs 

MS C: 2,4-D/Picloram/Kin: 
1.1/1.2/2.1 mg/l,  

R: NAA/BA/Ad: 1/0.5/10 mg/l 

3% Cell suspension 
culture 

 Barrueto Cid et 
al. 1994 

White-roppen Root tip of 
micropropagated 
plants 

B5 S induct: NAA/BA: 1/10 μM  
S prolif.: BA: 0.5 μM 

3% Direct S 
regeneration 

70% explt. gave 
shoots,  
10 shoots/explt. in 1 
month 

Haque et al. 
1997 

DDR7099, 
PI383819,  
Piacenza 

Roots 
segments 

B5 C: 2,4-D 4.5 μM then  
Picloram/ 2iP: 4.7/0.49 μM  

R: Picloram/BA: 1.4/13.3 μM 

3% Somatic 
emb. 

85% cal. regenerated 
5 shoots/cal. 

Myers and 
Simon 1998 

Fukuchi-White Stem disc  
1 mm thick 

LS Hormone free  S proliferation 20-30 S/month 
from 1 clove 

Ayabe and Sumi 
1998 

20 cvs., different 
physiological 
groups 

Root tip of 
micropropa- 
gated plants 

B5 C: 2,4-D/ 2iP: 0.3 /0.5 ppm 
R: BAP: 3 ppm 

3% Organogenic 
callus 

44% organo- 
genic C 
15 S/g C 

Barandiaran et 
al. 1999 

Aben, GT96-1 Root tip of 
micropropagated 
plants 

N6 or 
MS 

C: 2,4-D/Kin: 4.5/4.6 μM 
R: BA: 4.4 μM 

87.6 
mM 

Organogenic 
callus 

170 S/g C 
in 4 months 

Robledo Pas et 
al. 2000 

Uru-b, Fc Immature 
inflorescence 
bulbils 

MS S induct: NAA: 5.4 μM 3% Development of 
bulbils 

33 to 46 bulbils 
induced per 
inflorescence 

Ebi et al. 2000 

Malepur Basal tissue of 
clove 

White’s Direct emb.: 2,4-D/Kin: 1/0.5 
mg/l 

2% Direct somatic 
emb. 

60% explt. gave 
20-25 
embryos/explt. 

Sata et al. 2002

Rouge Reunion Young leaves 
Root sections 

B5 C: 2,4-D/IAA/NAA/Kin: 0.5/0.2/ 
0.2/0.1 mg/l 

R: 2,4-D/Kin: 0.1/0.5 mg/l 

6% Somatic 
emb. 

37 embryos per 
150 mg of C 

Fereol et al. 
2002 

 Leaf bases 
2-3 mm 

MS C: 2,4-D/IAA: 1.5/1 mg/l 
R: Kin: 6 mg/l 

 Somatic 
emb. 

70% embryogenic 
C, 6.8 P/C 

Chowdhury et al.
2003 

Danyang shoot of micro-
propagated plants 

MS 
 

S prolif: 2-iP: 0.5 mg/l  
B: NAA: 0.1 mg/l  

2% Shoot proliferation 
in liquid medium 

15 shoots/explt. 
in 3 weeks 

Kim et al. 2003

Messidrome, 
Morado, Morasol, 
Printanor 

Root segments 
1cm 

MS C: Picloram/2-iP: 20.7/0.5 μM 
R: Kin: 1 mg/l 

3% Organogenic callus C: 34% explt. 
R: 47% C 

Zheng et al. 
2003 

Danyang shoot MS S prolif: hormone free 
B: NAA: 0.1 mg/l 

11% Shoot and bulblet 
proliferation in 
bioreactor 

27 S/explt. in 3 
weeks 

Kim et al. 2004

Rouge Reunion, 
Messidrome, 
Morasol, Printanor 

Young leaves N6 Liq. Med.: 2,4-D/BAP:  0.3/01 
mg/l 
R: 2,4-D/Kin: 0.1/0.5 mg/l 

4.5% Cell suspension 
culture 

1011 embryos 
annually from 1 
clove 

Fereol et al. 
2005b 

Usually, for all these techniques the other in vitro culture conditions are as follows: temperature 25-28°C, photoperiod 16 h of light, light intensity 50 
μmol m-2 s-1; bulbs were used 3-4 months after harvest and maintained 3 weeks at 5°C in order to break the dormancy before the actual experiment took 
place. 
Ad: adenine; B: bulbing; C: callus; Conc: concentration, Emb: embryogenesis; Explt: explant; Ind.: induction; Liq Med: liquid medium P: plant; PGR: 
plant growth regulator; R: regeneration; S: shoot 
BA: 6-benzyladenine; BAP: 6-benzylaminopurine; IAA: 3-indole acetic acid; Kin: Kinetin; NAA: �-naphtalene acetic acid; Picloram: 4-amino-3,5,6-
trichloropicolinic acid; p-CPA: p-chloro-phenoxy acetic acid; 2,4D: 2.4-dichlorophenoxy acetic acid; 2iP: 6-(�-�-dimethylallylamino)-purine 
AZ: Abo El Nil and Zettler (1976); LS: Linsmaier and Skoog (1965); MS: Murashige and Skoog (1962), B5: Gamborg et al. (1968); N6: Chu et al. 
(1975); White’s: White (1963) 
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were optimal for cell propagation and also for the further 
regeneration of embryos. 2,4-D concentrations in the sus-
pension medium affected significantly the PCV rate and the 
potential for production of embryos. Similar to the results 
of Barandiaran et al. (1999a), Fereol et al. (2005a) found 
that at low concentration (0.3 mg/l) cell propagation was 
fastest and a high potential for further cell differentiation 
and regeneration capacity was maintained. Throughout cul-
ture development, and up to 14 months, growth rate of the 
cell suspension was on average rather similar, increasing at 
about 4.5 to 6 fold every 28 days period. However, in the 
first seven months the growth rate of the culture fluctuated 
widely (4.2-6.2), indicating some instability. Thereafter, 
growth rate fluctuation was much smaller, pointing at a 
more stable culture. 
 
Plant regeneration 

 
Aliquots of cell suspension, plated on semi-solid embryo 
production medium, produce numerous somatic embryos 
in eight weeks. The first pro-embryos differentiated 3 
weeks after plating, being large globular structures (1-2 
mm) covered with a smooth epidermis surface. They fur-
ther developed into mature epidermis coated embryos ex-
pressing a bipolar structure with shoot and root apices con-
nected to a haustorium-like structure by vascular bundles. 
These embryos were generated from the cell suspension 
cultures for longer than 16 months, thus 1 ml PCV, has the 
potential of producing 3,000 to 7,800 mature embryos. 

Histological studies showed that individual cells under-
went numerous internal cell divisions thus resulting in for-
mation of pro-embryos, which differ of each other, in sin-
gle aggregates. This compartmentalization indicates the 
unicellular origin of these pro-embryos. They further deve-
loped into mature embryos with two poles, a root and a 
shoot apex (Fig. 4). After culture on germination medium, 
they form a complete plantlet within 4 weeks. Those that 
failed to germinate within this period of time turned brown 
and died. The percentage of conversion into plantlets ran-
ged between 36 and 51%. Germinated plantlets cultivated 
in vitro can produce bulblets within eight weeks (Kahane 
et al. 1992). Analyses of plants after acclimatisation and 
transfer to the field under insect-proof nets revealed some 
genotypes with an abnormal ploidy level. About 4% tetra-
ploids were detected by flow cytometry. Such polyploidy-
zations might be a serious drawback for propagating plant-
lets by somatic embryogenesis, and has yet to be evaluated 
with regard to a mass propagation system. 

Organo-sulphur analyses of bulblets from embryogene-
sis derived garlic plants (EP) and from standard vegetati-
vely multiplied garlic (SP) showed that alliin plus � gluta-
myl allyl cysteine (GLUAlCS) represented 70% of the 

organo-sulfur compounds in both types, but their distribu-
tion differed. In EP micro bulbs alliin was low while 
GLUAlCS was high as compared with SP micro bulbs 
(Fereol et al. 2005a). However, after two cycles of field 
culture, the differences disappeared. 

The annual multiplication rates, from one clove, ranged 
from 8 x 109 to 1011 for different cultivars belonging to dif-
ferent physiological garlic groups (Messiaen et al. 1993; 
Fereol et al. 2005b). Within such a range, the difference 
between cultivars was not a concern, and further efforts to 
gain productivity in “less productive cultivars” compared to 
“more productive ones” was useless. The aforementioned 
coefficients of mass propagation are up to 103-fold higher 
compared to the other garlic multiplication methods pub-
lished (Nagakubo et al. 1993; Haque et al. 1997). There-
fore the technique described by Fereol et al. (2005b) seems 
to be the preferred method for an efficient mass propagation 
of specific garlic genotypes. However, one or two cycles of 
traditional propagation may still be necessary to provide 
plants at a standard quality. 
 
CONCLUDING REMARKS 
 
Garlic improvement has been focussed until present on se-
lection in existing landraces and yield has been a major se-
lection criterium (Table 2). Garlic breeding has been ham-
pered by the absence of adequate methods to generate varia-
tion in the existing germplasm. Futhermore the absence of 
efficient vegetative propagation methods added to the prob-
lem of efficient development of new garlic cultivars. In the 
current review the introduction of sexual hybridization into 
garlic was described and the ways it can be successfully im-
plemented both via genetic and environmental methods. An-
other route to improve garlic is via genetic transformation. 
Both Agrobacterium and biolistic gene transfer systems 
were developed in the last years and the first transgenics 
have already been produced. Because of this the next step in 
the introduction of garlic GMOs into agriculture will be 
comprehensive safety assessments (Dale and Kinderlerer 
1995) and providing answers to questions like: a) does the 
introduced gene changes the modified crop, b) is there evi-
dence of an increased risk of toxicity and/or allergenicity, c) 
are effects visible on organisms in the environment, if trans-
genic garlic induces weediness or invasiveness in natural 
habitats or if gene flow between the transgenic and wild re-
latives is to be expected. When these questions have been 
answered satisfactorily then there is a possibility to intro-
duce the novel transgenic garlic. However providing ans-
wers to these questions is costly for companies wanting to 
introduce transgenics therefore it remains to be seen if trans-
genic garlic will become a reality in the near future. Last but 
not least the recent successful developments in garlic em-
bryogenic cell suspensions have been described. All in all, 
these developments in garlic breeding system innovation 
show that there are good opportunities for the production of 
improved garlic cultivars which are better suited for the 
market. Furthermore this review indicates that also on the 
fundamental level (e.g. garlic florogenesis, genome organi-
zation, genetic transformation and embryogenic cell sus-
pension development) large steps forward have been made, 
but it is also clear that there are still large gaps present in 
our knowledge. 
 
 

Fig. 4 Embryogenesis in cell suspension cultures of garlic (Allium sati-
vum L.). Mass production of embryos, Bar = 3 mm: (Photo: L. Fereol). 

Table 2 Yield (tons/ha) of commercially grown garlic cultivars in France. 
Garlic cultivars California Late and California Early have the same yield 
as Printanor and Thermidrome, respectively (V. Chovelon, pers. comm., 
2007). 
Cultivar Yield 
Germidour 7.6 
Messidrome 7.7 
Printanor 9.1 
Thermidrome 7.6 
Morado 6.5 

12



Medicinal and Aromatic Plant Science and Biotechnology 1(1), 6-15 ©2007 Global Science Books 

 

ACKNOWLEDGEMENTS 
 
This research was partially financed by an EU FP 5 grant in the 
area of key action 1 (QLK1-CT-1999-498; www.plant.wur.nl/ 
projects/garlicandhealth; overall project coordinator C. Kik, plant 
theme coordinator R. Kahane and health theme coordinator R. 
Gebhardt). 
 
REFERENCES 
 
Abo El-Nil MM (1977) Organogenesis and embryogenesis in callus cultures of 

garlic (Allium sativum L.). Plant Science Letters 9, 259-264 
Aitken-Christie J (1991) Automation. In: Debergh PC, Zimmerman RH (Eds) 

Micropropagation: Technology and Application, Kluwer Academic Publish-
ers, Dordrecht, The Netherlands, pp 363-388 

Al-Safadi B, Mir-Ali N, Arabi MIE (2000) Improvement of garlic (Allium sat-
ivum L.) resistance to white rot and storability using gamma irradiation in-
duced mutations. Journal of Genetics and Breeding 54, 175-181 

Al-Zahim MA, Ford Lloyd BV, Newbury HJ (1999) Detection of somaclonal 
variation in garlic (Allium sativum L.) using RAPD and cytological analysis. 
Plant Cell Reports 18, 473-477 

Ammirato P (1983) The regulation of somatic embryo development in plant 
cell cultures: Suspension culture techniques and hormone requirements. Bio/ 
Technology 1, 68-74 

Ayabe M, Taniguchi K, Sumi SI (1995) Regeneration of whole plants from 
protoplasts isolated from tissue-cultured shoot primordial of garlic (Allium 
sativum L.). Plant Cell Reports 15, 17-21 

Ayabe M, Sumi S (1998) Establishment of a novel tissue culture method, stem-
disc culture, and its practical application to micropropagation of garlic (Al-
lium sativum L.). Plant Cell Reports 17, 773-779 

Arencibia AD, Carmona ER, Tellez P, Chan M, Yu S, Trujillo LE, Oramas 
P (1998) An efficient protocol for sugarcane (Saccharum spp. L.) transfor-
mation mediated by Agrobacterium tumefaciens. Transgenic Research 7, 
213-222 

Baitulin IO, Agafonova G, Rabinowitch HD, Kamenetsky R (2000) Creation 
of gene bank of Central Asian species of the genus Allium L., their biology 
and economic potential (in Russian). In: Granovsky EI, Fain EE (Eds) State 
and Perspectives of Scientific Collaboration Kazakhstan-Israel, Almaty, 
Kazakhstan, pp 87-94 

Barandiaran X, Pietro AD, Martin J (1998) Biolistic transfer and expression 
of a uidA reporter gene in different tissues of Allium sativum L. Plant Cell 
Reports 17, 737-741 

Barandiaran X, Martin N, Rodriguez Conde MF, Di Pietro A, Martin J 
(1999a) Genetic variability in callus formation and regeneration of garlic 
(Allium sativum L.). Plant Cell Reports 18, 434-437 

Barandiaran X, Martin N, Rodriguez Conde MF, Di Pietro A, Martin J 
(1999b) An efficient method for callus culture and shoot regeneration of gar-
lic (Allium sativum L.). HortScience 34, 348-349 

Barrueto Cid L, Illg, Piedrabuena A (1994) Regeneration of garlic plants 
(Allium sativum L., cv "chonan") via cell culture in liquid medium. In Vitro 
Cellular and Developmental Biology – Plant 30, 150-155 

Cheng M, Fry JE, Pang S, Zhou H, Hironaka CM, Duncan DR, Conner 
TW, Wan Y, Cheng M, Pang SZ, Zhou HP, Wan YC (1997) Genetic trans-
formation of wheat mediated by Agrobacterium tumefaciens. Plant Physio-
logy 115, 971-980 

Choi SY, Paek KY, Jo JT (1993) Plantlet production through callus culture in 
Allium sativum L. Journal of the Korean Society for Horticultural Science 34, 
16-28 

Chovelon V, Leroux JP, Dore C (1990) Sélection sanitaire de l'ail et de l'écha-
lote: culture de méristèmes et régénération de variétés. In: Doré C (Ed) Cin-
quantenaire de la Culture in Vitro, Colloques de l'INRA, pp 142-150 

Chowdhury J, Hossain M, Ahsan N, Alam MF, Islam R (2003) Efficient 
plantlet regeneration and bulblet formation in garlic through somatic em-
bryogenesis from leaf base explants. Phytomorphology 53, 323-329 

Curtis IS (2004) Transgenic Crops of the World – Essential Protocols, Kluwer 
Academic Publishers, Dordrecht, The Netherlands 

Dale PJ, Kinderlerer J (1995) Safety in the contained use and the environ-
mental release of transgenic organisms. In: Tzotzos GT (Ed), Genetically 
Modified Organisms: A Guide to Biosafety, CABI Publishing, New York, 
USA, pp 36-63 

de Mason DA (1990) Morphology and anatomy of Allium. In: Rabinowitch HD, 
Brewster JJ (Eds) Onions and Allied Crops (Vol I), CRC Press, Boca Raton, 
FL, pp 27-51 

Dommisse EM, Leung DWM, Shaw ML, Conner AJ (1990) Onion is a 
monocotyledonous host for Agrobacterium. Plant Science 69, 249-257 

Eady CC, Weld RJ, Lister CE (2000) Agrobacterium tumefaciens-mediated 
transformation and transgenic-plant regeneration of onion (Allium cepa L.). 
Plant Cell Reports 19, 376-381 

Eady CC (2002) Genetic transformation of onions. In: Rabinowitch HD, Cur-
rah L (Eds) Allium Crop Science: Recent Advances, CAB International, Wal-
lingford, UK, pp 119-144 

Eady CC, Davis S, Farrant J, Reader J, Kenel F (2003a) Agrobacterium 

tumefaciens-mediated transformation and regeneration of herbicide resistant 
onion (Allium cepa) plants. Annals of Applied Biology 142, 213-217 

Eady CC, Reader J, Davis S, Dale T (2003b) Inheritance and expression of 
introduced DNA in transgenic onion plants (Allium cepa). Annals of Applied 
Biology 142, 219-224 

Eady CC, Davis S, Catanach A, Kenel F, Hunger S (2005) Agrobacterium 
tumefaciens-mediated transformati on of leek (Allium porrum) and garlic 
(Allium sativum). Plant Cell Reports 24, 209-215 

Ebi M, Kasai N, Masuda K (2000) Small inflorescence bulbils are best for 
micropropagation and virus elimination in garlic. HortScience 35, 735-737 

Engeland RI (1995) Supplement to Growing Great Garlic, Filaree Prod., Oka-
nogan, WA, 32 pp 

Esau K (1965) Plant Anatomy (2nd Edn), Wiley, London, 767 pp 
Etoh T (1985) Studies on the sterility in garlic, Allium sativum L. Memoirs of 

the Faculty of Agriculture, Kagoshima University 21, 77-132 
Etoh T (1986) Fertility of the garlic clones collected in Soviet Central Asia. 

Journal of the Japanese Society for Horticultural Science 55, 312-319 
Etoh T, Noma Y, Nishitarumizu Y, Wakamoto T (1988) Seed productivity and 

germinability of various garlic clones collected in Soviet Central Asia. Mem-
oirs of the Faculty of Agriculture, Kagoshima University 24, 129-139 

Etoh T (1997) True seeds in garlic. Acta Horticulturae 433, 247-255 
Etoh T, Hong CJ (2001) RAPD markers for fertile garlic. Acta Horticulturae 

555, 209-212 
Etoh T, Kojima T, Matsuzoe N (1991) Fertile garlic clones collected in Cau-

casia. In: Hanelt P, Hammer K, Knupffer H (Eds) Proc. Int. Symp. The Genus 
Allium - Taxonomic Problems and Genetic Resources, Gatersleben, Germany, 
pp 49-54 

Etoh T, Simon PW (2002) Diversity, fertility and seed production of garlic. In: 
Rabinowitch HD, Currah L (Eds) Allium Crop Science: Recent Advances, 
CAB Intl., Wallingford, UK, pp 101-117 

Fereol L, Chovelon V, Causse S, Michaux-Ferriere N, Kahane R (2002) Evi-
dence of a somatic embryogenesis process and plant regeneration and ac-
climatisation in garlic (Allium sativum L.). Plant Cell Reports 21, 197-203 

Fereol L, Chovelon V, Causse S, Triaire D, Arnault I, Auger J, Kahane R 
(2005a) Establishment of embryogenic cell suspension cultures of garlic (Al-
lium sativum L.), plant regeneration and biochemical analyses. Plant Cell Re-
ports 24, 319-325 

Fereol L, Chovelon V, Causse S, Kalumvueziko ML, Kahane R (2005b) Em-
bryogenic cell suspension cultures of garlic (Allium sativum L.) as method for 
mass propagation and convenient material for genetic improvement. Acta 
Horticulturae 688, 65-74 

Ferrer E, Linares C, Gonzalez JM (2000) Efficient transient expression of the 
beta-glucuronidase reporter gene in garlic (Allium sativum L.). Agronomie 20, 
869-874 

Flaishman M, Kamenetsky R (2006) Florogenesis in flower bulbs: classical 
and molecular approaches. In: Teixeira da Silva JA (Ed) Floriculture, Orna-
mental and Plant Biotechnology: Advances and Topical Issues (1st Edn, Vol I), 
Global Science Books, London, UK, pp 33-43 

Hanelt P (1990) Taxonomy, evolution and history. In: Rabinowitch HD, Brew-
ster JL (Eds) Onions and Allied Crops (Vol I), CRC Press, Boca Raton, FL, 
pp 1-26 

Haque MS, Wada T, Hattori K (1997) High frequency shoot regeneration and 
plantlet formation from root tip of garlic. Plant Cell, Tissue and Organ Cul-
ture 50, 83-89 

Haque MS, Wada T, Hattori K (1998) Efficient plant regeneration in garlic 
through somatic embryogenesis from root tip explants. Plant Production Sci-
ence 1, 216-222 

Haque MS, Wada T, Hattori K (1999) Anatomical changes during in vitro 
direct formation of shoot bud from root tips in garlic (Allium sativum L.). 
Plant Production Science 2, 146-153 

Hari V (1980) Effect of cell density changes and conditioned media on carrot 
cell embryogenesis. Zeitschrift für Pflanzenphysiologie 96, 227-231 

Hasegawa H, Sato M, Suzuki M (2002) Efficient plant regeneration from pro-
toplasts isolated from long-term, shoot primordia-derived calluses of garlic 
(Allium sativum). Journal of Plant Physiology 159, 449-452 

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transformation of 
rice (Oryza sativa L.) mediated by Agrobacterium and sequence analysis of 
the boundaries of the T-DNA. Plant Journal 6, 271-282 

Inaba A, Ujiie T, Etoh T (1995) Seed productivity and germinability of garlic. 
Breeding Science 45, 310 (in Japanese) 

Ipek M, Ipek A, Almquist SG, Simon PW (2005) Demonstration of linkage 
and development of the first low-density genetic map of garlic, based on 
AFLP markers. Theoretical and Applied Genetics 110, 228-236 

Ishida Y, Saito H, Ohta S, Hiei Y, Komari T, Kumashiro T (1996) High ef-
ficiency transformation of maize (Zea mays L.) mediated by Agrobacterium 
tumefaciens. Nature Biotechnology 14, 745-750 

Jenderek MM (1998) Generative reproduction of garlic (Allium sativum). Sesja 
Naukowa 57, 141-145 (in Polish) 

Jenderek MM (2004) Development of S1 families in garlic. Acta Horticultura 
637, 203-206 

Jenderek MM, Hannan RM (2000) Seed producing ability of garlic (Allium 
sativum L.) clones from two public U.S. collections. Proc. Third Intl. Symp. 
Edible Alliaceae, Athens, Georgia USA, pp 73-75 

13



Garlic breeding systems. Zheng et al. 

 

Jenderek MM, Hannan RM (2004) Genetic diversity among U.S. garlic 
clones as detected using AFLP methods. HortScience 39, 485-488 

Jenderek MM, Zewdie Y (2005) Within- and between-family variability for 
important bulb and plant traits among sexually derived progenies of garlic. 
HortScience 40, 1234-1236 

Jones HA, Emsweller SL (1936) Development of the flower and macroga-
metophyte of Allium cepa. Hilgardia 10, 415-428 

Kahane R, Rancillac M, Schweisguth B (1992) Bulbing in vitro in Allium 
species. Allium Improvement Newsletters 2, 18-20 

Kamenetsky R, Rabinowitch HD (2001) Floral development in bolting garlic. 
Sexual Plant Reproduction 13, 235-241 

Kamenetsky R, Rabinowitch HD (2002) Florogenesis. In: Rabinowitch HD, 
Currah L (Eds) Allium Crop Sciences: Recent Advances, CAB Intl., Walling-
ford, UK, pp 31-57 

Kamenetsky R, London Shafir I, Zemah H, Barzilay A, Rabinowitch HD 
(2004a) Environmental control of garlic growth and florogenesis. Journal of 
the American Society for Horticultural Science 129, 144-151 

Kamenetsky R, London Shafir I, Baizerman M, Khassanov F, Kik C, Rab-
inowitch HD (2004b) Garlic (Allium sativum L.) and its wild relatives from 
Central Asia: evaluation for fertility potential. Acta Horticulturae 637, 83-91 

Kamenetsky R, London Shafir I, Baizerman M, Khassanov F, Kik C, van 
Heusden AW, Vrielink-van Ginkel M, Burger-Meijer K, Auger J, Ar-
nault I, Rabinowitch HD (2005) Diversity in fertility potential and organo-
sulphur compounds among garlics from Central Asia. Biodiversity and Con-
servation 14, 281-295 

Katarzhin MS, Katarzhin IM (1978) Experiments on the sexual reproduction 
of garlic. Bulleten’ Vsesoyuznogo Ordena Lenina i Ordena i Druzby Narodov 
Instituta Rastenievodstva Imeni N. I. Vavilova 80, 74-76 (in Russian) 

Kehr AE, Schaeffer GW (1976) Tissue culture and differentiation of garlic. 
HortScience 11, 422-423 

Kik C (2002) Exploitation of wild relatives for the breeding of cultivated Al-
lium species. In: Rabinowitch HD, Currah L (Eds) Allium Crop Sciences: Re-
cent Advances, CAB Intl., Wallingford, UK, pp 81-100 

Kim EK, Hahn EJ, Murthy HN, Paek KY (2003) High frequency of shoot 
multiplication and bulblet formation of garlic in liquid cultures. Plant Cell, 
Tissue and Organ Culture 73, 231-236 

Kim EK, Hahn EJ, Murthy HN, Paek KY (2004) Enhanced shoot and bulb-
let proliferation of garlic (Allium sativum L.) in bioreactor systems. Journal 
of Horticultural Science and Biotechnology 79, 818-822 

Klein TM, Wolf ED, Wu R, Sanford JC (1987) High-velocity microprojec-
tiles for delivering nucleic acids into living cells. Nature 327, 70-73 

Kondo T, Hasegawa H, Suzuki M (2000) Transformation and regeneration of 
garlic (Allium sativum L.) by Agrobacterium-mediated gene transfer. Plant 
Cell Reports 19, 989-993 

Kononkov PF (1953) The question of obtaining garlic seed (In Russian). Sad i 
Ogorod 8, 38-40 (in Russian) 

Konvicka O (1973) Die Ursachen der Sterilität von Allium sativum L. Biologia 
Plantarum (Praha) 15, 144-149 

Konvicka O (1984) Generative Reproduktion von Knoblauch (Allium sativum). 
Allium Newsletters 1, 28-37 

Koul AK, Gohil RN (1970) Causes averting sexual reproduction in Allium sati-
vum Linn. Cytologia 35, 197-202 

Krontal Y, Kamenetsky R, Rabinowitch HD (1998) Lateral development and 
florogenesis of a tropical shallot - a comparison with bulb onion. Interna-
tional Journal of Plant Science 159, 57-64 

Lot H, Delécolle B, Bocardo G, Marzachi C, Milne R (1994) Partial charac-
terization of retrovirus-like particles associated with garlic dwarf disease. 
Plant Pathology 43, 537-546 

Masuda K, Hatakeyama E, Ito A, Takahashi S, Inoue M (1994) Micropropa-
gation of garlic (Allium sativum L.). Bulletin of the Akita Prefectural College 
of Agriculture pp 43-48 

Messiaen C, Cohat J, Leroux J, Pichon M, Beyries A (1993) Les Allium Ali-
mentaires Reproduits par Voie Végétative, INRA, Paris, 228 pp 

Myers JM, Simon PW (1998) Continuous callus production and regeneration 
of garlic (Allium sativum L.) using root segments from shoot tip-derived 
plantlets. Plant Cell Reports 17, 726-730 

Myers JM, Simon PW (1999) Regeneration of garlic callus as affected by 
clonal variation, plant growth regulators and culture conditions over time. 
Plant Cell Reports 19, 32-36 

Nagakubo T, Nagasawa A, Ohkawa H (1993) Micropropagation of garlic 
through in vitro bulblet formation. Plant Cell, Tissue and Organ Culture 32, 
175-183 

Nagasawa A, Finer JJ (1988) Development of morphogenic suspension cul-
tures of garlic (Allium sativum L.). Plant Cell, Tissue and Organ Culture 15, 
183-187 

Novak FJ (1972) Tapetal development in the anthers of Allium sativum L. and 
Allium longicuspis Regel. Experientia 28, 363-364 

Novak FJ, Havranek P (1975) Attempts to overcome the sterility of common 
garlic (Allium sativum). Biologia Plantarum (Praha) 17, 376-379 

Novak FJ (1990) Allium tissue culture. In: Rabinowitch HD, Brewster JJ (Eds) 
Onions and Allied Crops (Vol I), CRC Press, Boca Raton, FL, pp 233-250 

Park MY, Yi NR, Lee HY, Kim ST, Kim M, Park JH, Kim JK, Lee JS, 
Cheong JJ, Choi YD (2002) Generation of chlorsulfuron-resistant trans-

genic garlic plants (Allium sativum L.) by particle bombardment. Molecular 
Breeding 9, 171-181 

Pooler MR, Simon PW (1993a) Characterization and classification of isozyme 
and morphological variation in a diverse collection of garlic clones. Euphy-
tica 68, 121-130 

Pooler MR, Simon PW (1993b) Garlic flowering in response to clone, photo-
period, growth temperature and cold storage. HortScience 28, 1085-1086 

Pooler MR, Simon PW (1994) True seed production in garlic. Sexual Plant 
Reproduction 7, 282-286 

Rashid H, Yokoi S, Toriyama K, Hinata K (1996) Transgenic plant production 
mediated by Agrobacterium in indica rice. Plant Cell Reports 15, 727-730 

Robledo Pas A, Villalobos Arambula VM, Jofre Garfias AE (2000) Efficient 
plant regeneration of garlic (Allium sativum L.) by root-tip culture. In Vitro 
Cellular and Developmental Biology – Plant 36, 416-419 

Rosen CJ, Tong CBS (2001) Yield, dry matter partitioning, and storage quality 
of hardneck garlic as affected by soil amendments and scape removal. Hort-
Science 36, 1235-1239 

Rotem N, Shemesh E, Peretz Y, Akad F, Edelbaum O, Rabinowitch HD, 
Sela I, Kamenetsky R (2007) Reproductive development and phenotypic dif-
ferences in garlic are associated with expression and splicing of leafy homo-
logue gaLFY. Journal of Experimental Botany 58, 1133-1141 

Salomon R (2002) Virus diseases in garlic and propagation of virus-free plants. 
In: Rabinowitch HD, Currah L (Eds) Allium Crop Sciences: Recent Advances, 
CAB Intl., Wallingford, UK, pp 311-328 

Sawahel WA (2002) Stable genetic transformation of garlic plants using particle 
bombardment. Cellular and Molecular Biology Letters 7, 49-59 

Sata SJ, Bagatharia SB, Thaker VS (2001) Induction of direct somatic em-
bryogenesis in garlic (Allium sativum). Methods in Cell Science 22, 299-304 

Simon PW (2003) Realizing value from Central Asian Allium germplasm col-
lections. HortScience 38, 689 

Simon PW, Jenderek MM (2004) Flowering, seed production and the genesis 
of garlic breeding. Plant Breeding 23, 211-244 

Suh S, Park HG (1988) Somatic embryogenesis and plant regeneration from 
flower organ culture of garlic (Allium sativum L.). Korean Journal of Plant 
Tissue Culture 15, 121-132 

Suh SK, Park HG (1995) Plant regeneration from the culture of garlic root ex-
plants. Journal of the Korean Society for Horticultural Science 36, 31-37 

Takagi H (1990) Garlic Allium sativum L. In: Rabinowitch HD, Brewster JL 
(Eds) Onions and Allied Crops (Vol III) CRC Press, Boca Raton, FL, pp 109-
146 

Taner Y, Kunter B, Besirli G, Yanmaz R (2004) determining effective radia-
tion mutagen dose for garlic (Allium sativum L.). Bahce 33, 95-99 

Tingay S, McElroy D, Kalla R, Fieg S, Wang M, Thornton S, Brettell R, 
Wang MB (1997) Agrobacterium tumefaciens-mediated barley transforma-
tion. Plant Journal 11, 1369-1376 

Walkey D, Webb M, Bolland C, Miller A (1987) Production of virus-free gar-
lic (Allium sativum L.) and shallot (A. ascalonicum L.) by meristem tip cul-
ture. Journal of Horticultural Science 60, 627-634 

 Wang H (1996) Genetic engineering male sterility in leek (Allium porrum L.). 
PhD Thesis, University of Gent, Belgium, 105 pp 

Wang HL, Kang YQ, Zhang CJ (1994) Embryogenesis via culture of garlic 
sprout leaf. Acta Agriculturae Boreali Sinica 9, 92-94 

Xue HM, Araki H, Shi L, Yakuwa T (1991) Somatic embryogenesis and plant 
regeneration in basal plate and receptacle derived-callus cultures of garlic (Al-
lium sativum L.). Journal of the Japanese Society for Horticultural Science 
60, 627-634 

Zewdie Y, Havey MJ, Prince JP, Jenderek MM (2005) The first genetic lin-
kages among molecular markers and morphological traits in garlic (Allium 
sativum L.). Journal of the American Society for Horticultural Science 130, 
569-574 

Zheng HR, Shen MJ, Zhong WJ, Zhang ZQ, Zhou Y (1998a) Induction and 
utilization of globular bodies on calli from garlic (Allium sativum L.) leaf 
explants. Study of cellular histology in morphogenesis. Acta Agriculturae 
Shanghai 14, 33-38 

Zheng SJ, Henken B, Sofiari E, Jacobsen E, Krens FA, Kik C (1998b) Fac-
tors influencing induction, propagation and regeneration of mature zygotic 
embryo-derived callus from Allium cepa L. Plant Cell, Tissue and Organ Cul-
ture 53, 99-105 

Zheng SJ, Henken B, Sofiari E, Keizer P, Jacobsen E, Kik C, Krens FA 
(1999) The effect of cytokinins and lines on plant regeneration from long-
term callus and suspension cultures of Allium cepa L. Euphytica 108, 83-90 

Zheng SJ, Khrustaleva L, Henken B, Sofiari E, Jacobsen E, Kik C, Krens 
FA (2001a) Agrobacterium tumefaciens-mediated transformation of Allium 
cepa L.: the production of transgenic onions and shallots. Molecular Breeding 
7, 101-115 

Zheng SJ, Henken B, Sofiari E, Jacobsen E, Krens FA, Kik C (2001b) Mole-
cular characterization of transgenic shallots (Allium cepa L.) by adaptor liga-
tion PCR (AL-PCR) and sequencing of genomic DNA flanking T-DNA bor-
ders. Transgenic Research 10, 237-245 

Zheng SJ, Henken B, Krens FA, Kik C (2003) The development of an effici-
ent cultivar independent plant regeneration system from callus derived from 
both apical and non-apical root segments of garlic (Allium sativum L.). In 
Vitro Cellular and Developmental Biology – Plant 39, 288-292 

14



Medicinal and Aromatic Plant Science and Biotechnology 1(1), 6-15 ©2007 Global Science Books 

 

Zheng SJ, Henken B, Ahn YK, Krens FA, Kik C (2004a) The development 
of a reproducible Agrobacterium tumefaciens transformation system for gar-
lic (Allium sativum L.) and the production of transgenic garlic resistant to 
beet armyworm (Spodoptera exigua Hübner). Molecular Breeding 14, 293-
307 

Zheng SJ, Henken B, Krens FA, Kik C (2004b) Genetic transformation of Al-
lium cepa mediated by Agrobacterium tumefaciens. In: Curtis IS (Ed) Trans-

genic Crops of the World – Essential Protocols, Kluwer Academic Publishers, 
Dordrecht, The Netherlands, pp 281-290 

Zheng SJ, Henken B, de Maagd RA, Purwito A, Krens FA, Kik C (2005) 
Two different Bacillus thuringiensis toxin genes confer resistance to beet 
armyworm (Spodoptera exigua Hübner) in transgenic Bt-shallots (Allium 
cepa L.). Transgenic Research 14, 261-272 

 
 

15


