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Abstract

This paper describes the development of a reliable transformation system for garlic �Allium sativum L.� and its
application in producing insect resistant GM garlic lines. The transformation system is based on Agrobacterium
tumefaciens as a vector, using young callus derived from different callus sources: callus induced from both apical
and non-apical root segments of in vitro plantlets, true garlic seeds and bulbils. Two different reporter genes were
used in our garlic transformation experiments, namely the gusA gene coding for �-glucuronidase and the gfp
gene coding for green fluorescent protein. A total of seven independent transformed callus lines derived from
different callus sources were obtained. The advantage of the system developed is the short time period needed
for completion of the protocol �about 6 months� and the year-round availability of high quality callus from in
vitro roots. The highest transformation frequency in a single experiment �1.47%�, was obtained using garlic cv.
‘Printanor’. Differences existed between cultivars in transformation frequency but were not significant. The same
was found for the plasmids used in transforming garlic. Via PCR the presence of the gusA, hpt �hygromycin
phosphotransferase� and gfp genes could be demonstrated in putative transformed in vitro plants. Southern hy-
bridization showed that the reporter gene gusA and the selective gene hpt were stably integrated into the garlic
genome. After transfer to the greenhouse of in vitro regenerants, transgenic garlic harbouring the gusA gene sur-
vived and grew well, whereas the gfp transgenic garlic gradually died under these conditions.
Using this protocol transgenic garlic resistant to beet armyworm using the cry1Ca and H04 resistance genes
from Bacillus thuringiensis were developed. Via Southern hybridization it was shown that the cry1Ca sequence
was stably integrated into the garlic genome. After transfer of the transgenic in vitro garlic plants to the green-
house, the cry1Ca plants developed normally and grew well to maturity with normal bulbs. However, all trans-
genic in vitro H04 garlic plants did not survive after transfer to the greenhouse. Transgenic cry1Ca garlic plants
proved completely resistant to beet armyworm in a number of in vitro bio-assays. This finding will facilitate the
development of new garlic cultivars resistant to beet armyworm.

Abbreviations: cry1Ca – a synthetic gene from Bacillus thuringiensis; GFP – green fluorescent protein; gfp –
green fluorescent protein gene; GUS – �-glucuronidase; H04 – a hybrid gene from Bacillus thuringiensis; hpt �
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– hygromycin phosphotransferase gene; LB – T-DNA left border; RB – T-DNA right border; sGFP – synthetic
GFP with a threonine instead of a serine at position 65; gusA – �-glucuronidase gene.

Introduction

Garlic �Allium sativum L.� is a very important and
widely cultivated crop, which is known for its culi-
nary and medicinal use. The overriding majority of
the garlic germplasm analyzed proved to be sexually
sterile, consequently all commercially available gar-
lic cultivars have been developed using clonal selec-
tion of landraces or spontaneous mutants. One of the
most promising ways to improve these asexual garlic
cultivars is via the use of genetic transformation. De-
spite the recent progress made in the development of
garlic cultivars via sexual hybridization �for review
see Kik 2002�, the availability of a reliable genetic
transformation system remains highly valuable even
for sexually reproducing garlic cultivars as in general
not all agronomically important traits can be trans-
ferred via sexual hybridization. This can be due,
amongst others, to the lack of genetic variation in the
germplasm available or due to insurmountable spe-
cies barriers.

The common vectors used for genetic modification
of plants are Agrobacterium tumefaciens and particle
bombardment �Songstad et al. 1995�. Many protocols
for the production of transgenic crops were developed
in the last decade, however, for Allium species the
development of these protocols proved to be difficult.
Only recently, reports were published showing that
genetic transformation has become possible in onion
and shallot �A. cepa� and garlic �A. sativum� �for re-
view see Eady 2002�. Particle bombardment was pri-
marily used in garlic transformation studies �Baran-
diaran et al. 1998; Ferrer et al. 2000�. Kondo et al.
�2000� were the first who developed stable transgenic
garlic plants using highly regenerative calli derived
from shoot primordial-like tissues of mature cloves
via a complicated suspension culture procedure and
Agrobacterium-mediated gene transfer. Via particle
bombardment, Park et al. �2002� and Sawahel �2002�
reported that transgenic garlic plants were generated
using callus induced on apical meristems of �im�ma-
ture cloves. However, the Agrobacterium-mediated
transfer system developed by Kondo et al. �2000� and
the particle bombardment protocols developed by
Park et al. �2002� and Sawahel �2002� can be
improved with respect to the duration of the transfor-
mation protocol, the number of different tissues to be

used and the transformation frequency. Therefore, in
this paper we report the development of an efficient,
simple and reliable Agrobacterium tumefaciens-
mediated transformation system for garlic based on
young callus derived from different sources: callus
induced from both apical and non-apical root
segments of in vitro plantlets, true garlic seeds and
bulbils. From these sources, root segments are the
most easily available.

The beet armyworm �Spodoptera exigua Hübner�
is an extremely polyphagous insect �Goh et al. 1991�,
which threatens garlic cultivation in the dry season
especially in �sub� tropical countries. To introduce re-
sistance in garlic to the beet armyworm, we adopted
a transformation approach using genes encoding for
insecticidal proteins originating from Bacillus thur-
ingiensis. This approach has been very successful in
the past for a number of crops �De Maagd et al. 1999;
Naimov et al. 2003; Perlak et al. 2001; Schuler et al.
1998; Tu et al. 2000�. The cry gene family from Ba-
cillus thuringiensis is a large, still growing family of
homologous genes, with each gene encoding a pro-
tein active on insect larvae of a subset of species usu-
ally belonging to the same order �De Maagd et al.
2001; Schnepf et al. 1998�. Cry1 proteins are gener-
ally active against lepidopterans �larvae of moths and
butterflies�. For example, a synthetic cry1Ca gene,
encoding a Bacillus thuringiensis delta-endotoxin,
confers resistance to S. exigua in alfalfa and tobacco
�Strizhov et al. 1996� and overexpression of Bt
cry2Aa2 in chloroplasts resulted in 100% killing of
beet armyworm after consuming transgenic leaves
�De Cosa et al. 2001�. In this paper we report the de-
velopment of transgenic garlic resistant to beet army-
worm using the cry1Ca resistance gene.

Materials and methods

Callus induction

Callus was induced on both apical and non-apical root
segments derived from in vitro plantlets. In this con-
text the most widely cultivated European garlic cul-
tivars, namely cvs. ‘Messidrome’, ‘Morasol’ and
‘Printanor’ were used. Furthermore, true mature zy-
gotic embryos and immature bulbils, from garlic ac-
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cessions collected in Central Asia, were used for the
induction of callus. The procedure of isolation of gar-
lic mature zygotic embryos is the same as described
earlier for onion and shallot �Zheng et al. 1998,
1999�. Immature bulbils, developing after flowering,
were surface-sterilized by immersion in 70% ethanol
for 30 s, and subsequently in 1% �w/v� Na-hypochlo-
rite �containing two drops of Tween-20 per 100 ml�
for 12 min under continuous agitation. Immature bul-
bils were rinsed three times in sterile water prior to
placing these on callus induction medium. Callus in-
duction and callus propagation from root segments,
mature embryos and immature bulbils were carried
out on solidified MS medium with 1 mg l–1 2,4-D
�2,4-dichlorophenoxyacetic acid�, 0.1 mg l–1 2ip �6-
��-�-dimethylallylamino� purine� and 30 g l–1 sucrose
in the dark at 25 °C. The procedure of callus induc-
tion and callus propagation followed the procedure as
described earlier by Zheng et al. �2003�.

Agrobacterium strains and DNA constructs for
garlic transformation

Agrobacterium strain AGL0 was used in this study.
AGL0 is similar to EHA105 which we had used in
onion and shallot transformation previously �Zheng et
al. 2001a�. It is an L, L-succinamopine strain with a
C58 chromosome background �Lazo et al. 1991�. It
contains as virulence helper plasmid pEHA101,
originally derived from supervirulent pTiBo542
�Hood et al. 1986, 1993�. The plasmid pCAM-
BIA1301 is a normal binary vector from the Center
for Application of Molecular Biology to International
Agriculture, Canberra, Australia �CAMBIA� having
hpt and intron-gusA genes in the T-DNA region �Fig-
ure 1A�. pCAMBIA1301 has an intron-interrupted
gusA gene, the expression of gusA only occurs in
transformed calli and plants rather than in A. tumefa-
ciens itself �Ohta et al. 1990�.

Plasmids pPB34 and pPB36 were constructed as
described below. The H04 �Carozzi et al. 2002� and
cry1Ca �Strizhov et al. 1996� genes were inserted at
the NcoI and BglII sites in plasmid pRBC respec-
tively. They were under the control of a chrysanthe-
mum ribulose-1,5-bisphosphate carboxylase/oxygen-
ase small subunit �Rubisco SSU� promoter and
terminator �Outchkourov et al. 2003�. The H04 gene
is a hybrid gene which encodes domains � and �� of
Cry1Ab and domain ��� of Cry1Ca �De Maagd et al.
1996� and which was optimized for expression in
plants �Carozzi et al. 2002�. In the pCAMBIA1301

Hind III site, we inserted a H04 or cry1Ca truncated
gene cassette under the control of a chrysanthemum
Rubisco promoter and terminator �Figure 1B, 1C�.
pC1300intA and pC1300intA-sGFP were a kind gift
from Dr. Pieter Ouwerkerk from Leiden University,
the Netherlands. A HindIII-EcoRI fragment of 1.4 kb
from the pTH2 plasmid containing the sGFP �S65T�
gene with the CaMV 35S promoter and the termina-
tor of the NOS gene described by Chiu et al. �1996�
was inserted into HindIII-EcoRI-cut pC1300intA,
vector to make pC1300intA-sGFP �Figure 1D�. Plas-
mid pC1300intA originates from pCAMBIA1300
modified with a catalase-1 intron in the hpt gene
�Wang et al., 1998�. Plasmids pCAMBIA1301,
pPB34, pPB36, pC1300intA and pC1300intA-sGFP
were introduced into Agrobacterium strain AGL0 by
electroporation �Mattanovich et al. 1989�.

Transformation procedure

AGL0�pCAMBIA1301�, AGL0�pPB34�, AGL0
�pPB36�, AGL0�pC1300intA� and AGL0�pC1300
intA-sGFP� were streaked out on solidified LB me-
dium with 50 mg l–1 rifampicin, 50 mg l–1 kanamy-
cin and grown at 28 °C for three days for colonies to
appear. A single bacterial colony was collected from
a plate and suspended for further culture in liquid LB
medium for two days. Suspensions were centrifuged
at 3000 rpm for 10 min and the Agrobacterium pellet
was resuspended in liquid callus induction medium
with 100 �M acetosyringone at an optical density of
0.5 to 1 �OD600�.

One- or two-month old callus from root segments,
true garlic seeds and immature bulbils were used for
transformation. The calli were chopped directly after
retrieving them from the Agrobacterium suspension
or calli were chopped in advance and suspended in
liquid culture one week before co-cultivation. The
solidified co-cultivation medium contained callus in-
duction medium with 10 g l–1 glucose and 100 �M
acetosyringone. About 20 calli were examined imme-
diately after the co-cultivation period of 4 days for
GUS or GFP transient expression. The remaining calli
were put on selective medium, i.e. callus induction
medium supplemented with 400 mg l–1 cefotaxime
and 100 mg l–1 vancomycin and 25 mg l–1 hygromy-
cin. After continuous selection for one or two months
and subculturing the calli every two weeks, putative
transformed calli were transferred to regeneration
medium. The regeneration medium contained MS
salts with 30 g l–1 sucrose, 1 mg l–1 kinetin and 25
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Figure 1. T-DNA region of �A� pCAMBIA1301, �B� binary vector pPB34, �C� binary vector pPB36 and �D� binary vector pC1300intA-sGFP,
showing the size of T-DNA, the region for PCR amplification, PCR products used as a probe and HindIII restriction sites used for Southern
hybridization. Abbreviations: RB: right border; LB: left border; P35S and T35S: CaMV 35S promoter and terminator; PNOS and TNOS: nopa-
line synthase promoter and terminator; PRBC and TRBC: ribulose-1, 5-bisphosphate carboxylase/oxygenase �Rubisco� promoter and termina-
tor; hpt: hygromycin phosphotransferase; intron-hpt: intron interrupted hygromycin phosphotransferase; intron-gus: intron interrupted
�-glucuronidase; sGFP: synthetic GFP with a threonine instead of a serine at position 65; H04: a hybrid Bt gene; cry1Ca: synthetic Bt gene.
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mg l–1 hygromycin. Regeneration was carried out at
an ambient temperature of 25 °C with a 16 h photo-
period �ca. 60 �E m–2 s–1; lamps used: Philips, TLD
50W/840HF, and Electronic NG�. After one month,
all material was subcultured. Shoot regeneration was
observed after two months.

Transient GUS expression detection, resistant cal-
lus selection and transformed callus regeneration and
rooting conditions were similar as described for on-
ion and shallot �Zheng et al. 2001a�. Transgenic
plantlets were obtained after resistant calli were
transferred to regeneration medium for at least two
months. These plantlets were rooted and transplanted
into pots �8 � 8 � 8 cm3� in the greenhouse. The
plantlets were first covered with a plastic cap for one
week; then they were grown in the greenhouse at 16/
20 °C �night/day� with additional light for 16 hours
�approx. 100 �E s–1m–2; lamps used: SON-T 400
watt�.

Histochemical GUS-assay and GFP detection

Expression of GUS in garlic callus, and transformed
leaves and roots were assayed as described by Jeffer-
son et al. �1987� with some modifications. As a sub-
strate 5-bromo-4-chloro-3-indolyl glucuronide �X-
Gluc� was used. Calli, leaf, root material were stained
overnight at 37 °C with 1 mM X-Gluc in 50 mM
phosphate buffer �pH 7.5�, supplemented with 10 mM
EDTA and 0.1% Triton X-100. The GUS staining was
stopped by washing with 70% ethanol until destain-
ing was complete and the ethanol remained colour-
less.

Green fluorescent protein transient and stable ex-
pression was observed using a Leica MZ FLIII fluo-
rescent binocular microscope. This microscope was
equipped with GFP2 �plus� excitation filter �480/40
nm�, dichromatic beam splitter �505 nm LP�, and
barrier filter �510 nm LP�, GFP3 �plant� excitation
filter �470/40 nm�, dichromatic beam splitter �495
nm�, and barrier filter �525/50 nm�. The GFP3 filter
is used to block the red autofluorescence from chlo-
rophyll. A 100 W high-pressure mercury bulb
provided the light source. Fluorescent photographs
were taken using a Nikon Coolpix 990 camera.

PCR analysis

Approximately 0.25 g fresh leaf tissue from putative
transgenic greenhouse-grown plants was collected.
DNA was isolated from these plants via a miniprep

protocol �van Heusden et al. 2000�. DNA concentra-
tion was estimated using an Eppendorf Biophotom-
eter. Optimal conditions, such as temperature, DNA
concentration and suitable primers for PCR were
checked in primary experiments. Successful PCR was
performed using specific primers for gusA �forward:
5�GGAATTGATCAGCGTTGGTG3� and reverse:
5�TAGATATCAC ACTCTGTCTG3��, for hpt �for-
ward: 5�ATGAAAAAGCCTGAACTCA3�, and re-
verse: 5�ACTGGATTTTGGTTTTAGG3��, for gfp
�forward: 5�ATGGTGAGCAAGGGCGAGGAGCT-
GTTC3�, and reverse: 5�CTTCTCGTTGGGGTCTT-
TGCTCAGGGC3��, for cry1Ca �forward: 5� TG-
GATCACATACAACCGACT 3�, and reverse: 5�
CTGTGAATCCTGGTCCTGTA 3�� and for H04
�forward: 5�ACAGCATCACCATCTACACC3�, and
reverse: 5�CAGGATGATCTCGATCTTGT3��. The
PCR cycle was 94 °C for 2 min �1 cycle�; 94 °C for
1 min, 56 °C for 1 min, 72 °C for 2 min �35 cycles�;
72 °C annealing extension for 10 min. The reactions
were carried out in PTC-200 �DNA Engine, MJ Re-
search Inc., USA�. Primers for gusA amplify a
sequence of 710 bp, while hpt, gfp, cry1Ca and H04
primers amplify four sequences of 1.2 kb, 644 bp, 802
bp and 953 bp, respectively.

Southern DNA blot analysis

Putative transgenic garlic genomic DNA was isolated
from 1–1.5 g frozen leaf tissue collected from green-
house-grown plants with a midiprep DNA-isolation
method as described by van Heusden et al. �2000�.
The DNA concentration was estimated using an Ep-
pendorf Biophotometer. From each sample 25 �g
DNA was digested overnight with 100 units of Hin-
dIII. After digestion, the DNA was loaded on a 1.0%
agrose gel with TAE at 25 V for electrophoresis �run-
ning time about 17 h�. DNA was transferred to a ny-
lon HybondTM-N� membrane �Amersham Life-
science, UK� by vacuum blotting. 100 ng DNA of
PCR products from gusA, hpt, cry1Ca and H04 were
used for random prime labeling, respectively. The
RadPrime DNA labeling system �GibcoBRL®, Life
Technologies� was used. For pre-hybridisation, hy-
bridisation and blot washing standard procedures
were followed. Signals were detected using a Storm
860 Phospho Imager �Amersham Biosciences�.
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Bio-assay for resistance to beet armyworm

The protocol was based on the toxic compound bio-
assay method described earlier Zheng et al. �2000�.
In brief, four replications from transgenic garlic and
control plants were used, with each 3–4 g fresh leaves
on 0.8% sterile water agar in a Petri dish. Five 3-day
old larvae were present in each replication. Four days
after the start of the experiment the percentage of
surviving larvae per Petri dish was determined.

Statistical analyses

The data of the garlic transformation experiments
were analysed using a generalized linear model �Mc-
Cullagh and Nelder 1990� based on a binomial distri-
bution using a logit as a link function.

Results

Garlic transformation protocol

In seven of the nine experiments plasmids pCAM-
BIA1301, pC1300intA, pPB34 and pPB36 were used
for garlic transformation �Table 1�. Plasmids pCAM-
BIA1301, pC1300intA, pPB34 and pPB36 have an
intron-gusA gene as a reporter. Transient expression
of GUS was observed in callus derived from root
segments, true seeds and bulbils immediately after
co-cultivation for four days with Agrobacterium.
GUS assays showed that in most cases blue spots
were located around the surface or the middle part of
the callus �Figure 2A�. The root segment part did not
show any GUS expression. No blue spots were ob-
served in untransformed calli. After co-cultivation for
four days with Agrobacterium, calli were transferred
to the selective medium and subcultured every four
weeks. Resistant calli gradually appeared and were
selected for further propagation after two months
�Figure 2B�. After resistant callus lines had grown
homogeneously on selective medium for another
one-two months, they were transferred to regenera-
tion medium, which contained 25 mg l–1 hygromycin,
for another one-two months. After putative transgenic
shoots had fully developed, they were isolated and
transferred to rooting solidified MS medium that con-
tained 25 mg l–1 hygromycin and 30 g l–1 sucrose
without any phytohormones �Figure 2C�. The maxi-
mum transformation frequency was 1.47% �Table 1�.
Transgenic plants were identified by the GUS assay

on leaf and root tissues while the plantlets grew on
the regeneration medium containing hygromycin. Be-
fore the transgenic plants were transferred to the
greenhouse, leaf and root tissues were collected for
an additional histochemical GUS assay. Transgenic
garlic plants had visible GUS activity in their entire
tissues �Figure 2D, Figure 2E�. These individual
plants were transferred to the greenhouse �Figure 2F�.
The transgenic plants harbouring the cry1Ca gene
grew well, had a normal phenotype and produced
bulbs. However, the transgenic plants harbouring the
H04 gene died after transfer to the greenhouse �Table
1�.

In three of the nine experiments that were carried
out, plasmid pC1300intA-sGFP harbouring a syn-
thetic GFP gene, was used for garlic transformation
as a reporter gene �Table 1�. After transformation with
pC1300intA-sGFP, transient expression in calli de-
rived from root segments of cvs. ‘Messidrome’, ‘Mo-
rasol’ and ‘Printanor’ or true garlic seeds �bulbils not
tested� was visible as early as two days after Agro-
bacterium infection and reached maximum levels af-
ter four days �Figure 3AA, 3BB and 3CC�. GFP
expression showed that in most cases green spots
were located around the surface of the callus �Figure
3AA and 3CC�. The number of green spots varied
from a few isolated spots �1–2� to a larger area �Fig-
ure 3BB�. No green fluorescence was observed when
an Agrobacterium sample was checked under the
fluorescence microscope �not shown�. Although the
most dramatic and the earliest transient GFP activity
was seen after four days co-cultivation with Agrobac-
terium, the expression of GFP decreased quickly in
the majority of calli after they were transferred to the
selective medium containing hygromycin. At the be-
ginning, non-transformed callus without GFP expres-
sion was surrounded by transformed callus. After
approximately two-three weeks of growth, the GFP
regions were excised and cultured separately. This
procedure was repeated until resistant calli appeared
with homogeneous green fluorescence expression
�Figure 3DD�. After transferring these homogeneous
calli onto regeneration medium containing hygromy-
cin for one-two months, transgenic shoots with GFP
expression were produced �Figure 3EE and 3FF�.
Later they were isolated and put on rooting solidified
MS medium containing 25 mg l–1 hygromycin �Fig-
ure 3F�. Unfortunately, the transgenic rooted plants
harbouring the gfp gene gradually died after transfer
to the greenhouse �Table 1�.
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Figure 2. Overview of the garlic transformation procedure. A. Transient expression of GUS in two-month old callus derived from root seg-
ment 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’ transformed 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 transformant. F. Transgenic garlic plants in the greenhouse.
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Analysis of cultivar, plasmid and tissue effects on
transformation frequency

In total 4431 callus lines were subcultured and seven
callus lines produced transgenic plants �Table 2�. Of
these seven lines only two lines produced plants
which were able to develop into normal looking
plants in the greenhouse. Differences in transforma-
tion frequency �number of callus lines regenerated in
vitro plants / number of callus lines on selective me-
dium� were observed among the three French garlic
cultivars used �Table 2�. ‘Printanor’ had the highest
transformation frequency �overall 0.22%� followed
by cv. ‘Messidrome’ �0.15%�, whereas cv. ‘Morasol’
did not produce any plants. However these differ-
ences proved to be statistically not significant �Table
3�. Also, it was observed that cv. ‘Printanor’ could be

transformed with all four plasmids yielding plants,
whereas this was only the case with pPB36 using cv.
‘Messidrome’. With respect to the effect of the differ-
ent plasmids on mean transformation frequency, it
was observed that pPB34 yielded the highest trans-
formation frequency �0.54%�, followed by pCAM-
BI1300 �0.25%� and pPB36 �0.22%�, and
pC1300intA-sGFP �0.06%�. However no statistically
significant differences were found �Table 3�. Compar-
isons among source tissues for genetic transformation
�root, bulbil and true seed� were not possible due to
the unbalanced nature of the data. However, in our
hands all three source tissues could be genetically
transformed to yield in vitro plants. The multiplica-
tion rate of in vitro plantlets differed greatly between
the primary in vitro regenerants �2–55 plantles / re-
generant; Table 1�.

Table 2. Overview of the results obtained in nine successive garlic transformation experiments studying the effects of garlic cultivars, callus
source and plasmids on transformation efficiency. * X/Y;X: number of calli lines regenerated in vitro plants.Y: number of calli lines on
selective medium.

Plasmid Root True seed Bulbil Total

‘Printanor’ ‘Morasol’ ‘Messidrome’

pPB34 1/68* 0/44 0/17 1/185
0/56

pPB36 1/81 0/91 0/72 1/313 3/1361
0/68 0/104 1/161
0/91
0/134
0/246

pC1300intA-sGFP 0/123 0/231 0/52 0/341 1/1752
0/406 0/182 0/149
1/268

pCAMBIA1301 0/209 0/64 0/28 1/116 2/813
1/85 0/135 0/176

pC1300intA 0/320 0/320
Total 4/1835 0/851 1/655 1/974 1/116 7/4431

5/3341

Figure 3. Overview of garlic transformation procedure using the GFP monitoring system. A and AA. Light and fluorescence images �GFP2
filter�, respectively, showing transient GFP expression in the cells at the surface of two-month old callus derived from root segment of ‘Print-
anor’; infection with AGL0 �pC1300intA-sGFP� after four days of co-cultivation. B and BB. Light and fluorescence images �GFP2 filter�,
respectively, showing transient GFP expression in the cells at one large area of two-month old callus derived from root segment of cv. ‘Print-
anor’; infection with AGL0 �pC1300intA-sGFP� after four days of co-cultivation. C and CC. Light and fluorescence images �GFP2 filter�,
respectively, showing transient GFP expression in the cells at the surface of two-month old callus derived from root segment of cv.
‘Messidrome’; infection with AGL0 �pC1300intA-sGFP� after four days of co-cultivation. D and DD. Light and fluorescence images �GFP2
filter�, respectively, stable and uniform expression of GFP in hygromycin-resistant callus of cv. ‘Printanor’ after two months growth on se-
lective medium. E and EE. Light and fluorescence images �GFP3 filter�, respectively, regenerated shoot of ‘Printanor’. F, FF and FFF. Light
and fluorescence images �GFP2 and GFP3 filters�, respectively; note that FF is a fluorescence image without the chlorophyll fluorescence
blocked in young garlic plants. G, GG and GGG. Light and fluorescence images �GFP2 and GFP3 filters� of non-transgenic �left� and trans-
genic garlic leaf �right� from the greenhouse, respectively. Note that GG is a fluorescence image without the chlorophyll fluorescence blocked
which shows red fluorescence in non-transgenic cv. ‘Printanor’ leaf �left� and greenish yellow fluorescence in transgenic cv. ‘Printanor’ leaf
�right�. Only green fluorescence in transgenic cv. ‘Printanor’ leaf �right� is observed under GFP3 filter.

301



Characterization of transgenic garlic

All transgenic garlic plants transformed with pP34
and pP36 were analysed by PCR to check whether the
gusA, hpt and the cry1Ca or H04 gene sequences
were present. The presence of cry1Ca, gusA and hpt
sequences was analysed in greenhouse plants,
whereas the presence of gfp and H04 was analysed in
in vitro plantlets. To this end genomic DNA from the
putative transformants was amplified with the gusA,
hpt and the cry1Ca or H04 gene primers. All genes
were present in all transformed plants and PCR prod-
ucts were generated with the expected fragment size
of 710 bp �Figure 4A, Figure 4B�, 1.2 kb, 802 bp and
953 bp, respectively �data not shown�.

In order to determine whether T-DNA integration
had taken place and how many copies of the T-DNA
were present in the plant’s genome, Southern hybrid-
ization was carried out. DNA was extracted from
young leaf tissue of individual transgenic plants, di-
gested with HindIII and hybridized with probes from
the PCR products of the gusA, hpt and cry1Ca genes,
respectively. DNA from non-transformed plants was
used as a negative control and showed no hybridiza-
tion to gusA, hpt and cry1Ca probes, respectively.
Because the T-DNA of pCAMBIA1301 has only one
HindIII site, which is located between the hpt and
gusA gene �Figure 1A�, the second HindIII site must
be located on the plant genome. Hence, probing with

either the gusA or hpt gene sequence gives an indica-
tion of the number of T-DNA copies integrated. Be-
cause the T-DNA of pPB36 has two HindIII sites,
probing with cry1Ca gene sequence will give an in-
ternal fragment harbouring the cry1Ca gene when the
cry1Ca gene PCR product is used as a probe �Figure
1B�. Probing with either the gusA or hpt gene
sequence will give an indication of the number of T-
DNA copies integrated. Thirteen plants were used for
the analysis, these 13 plants were randomly taken
from the 46 in vivo plants produced in experiment 1
�Table 1�. The thirteen plants analysed had one band
�A� with a fragment size of approximately 3 kb and
two other bands �B and C� with sizes of approxi-
mately 4.6 and 5 kb �Figure 5�, when probing with
the PCR product of the hpt fragment. This suggests
three copies. However, these 13 plants had only one
band with a fragment size of 6 kb when probing with
the PCR product of gusA fragment �data not shown�.
These findings suggest that the 13 plants originated
from one transformed callus cell and were genetically
identical. The 13 transgenic plants had one band with
the expected size of 4080 bp �Figure 6�, when prob-
ing with the PCR product of the cry1Ca gene. This
indicates that no truncated integration of the cry1Ca
gene into the garlic genome took place.

In transgenic garlic plants, which were transformed
with GFP, transgenic tissue could be easily detected
via the expression of fluorescent protein under a UV

Table 3. Analysis of deviance of the effect of cultivar, plasmid and tissue source on garlic transformation efficiency. Ratios are based on a
dispersion parameter with value 1. d.f.: degree of freedom, M.D.: mean deviance. NS: not significant.

Source of variation d.f. M.D. Deviance ratio Approximately F prediction

Cultivar 2 1.5255 2.00 0.173NS

Plasmid 3 0.5797 0.76 0.536NS

Cultivar � Plasmid 6 0.3559 0.47 0.823NS

Residual 14 0.7646
Total 25 0.7052

Figure 4. PCR amplification of genomic DNA from garlic transformants. DNA amplified with gusA primers resulting in a 710 bp fragment.
Lane P: plasmid pPB34 as positive control; Lane N: untransformed garlic as negative control; Lane M: 1kb DNA ladder marker; Lanes 1–3
in 4A: individual transgenic garlic plants with AGL0 �pPB34�. Lanes 1–17 in 4B: individual transgenic garlic plants with AGL0 �pPB36�.
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microscope. As a comparison, a non-transgenic garlic
leaf was red using a GFP2 filter because the chloro-
phyll fluorescence was not blocked in the young leaf
part while a transgenic garlic leaf was pale yellow
�Figure 3FF and 3GG�. Using a GFP3 filter, a trans-
genic garlic leaf was homogenous green while a non-
transgenic leaf was not visible �Figure 3GGG�. All
transgenic garlic plants were analysed by PCR to
confirm whether the GFP gene sequences were

present in the garlic genome. In all transformed plants
a 644 bp fragment of PCR product was generated in-
dicating the presence of the GFP gene �Figure 7�.

Beet armyworm bio-assay

To establish whether garlic plants transformed with
pPB36 were resistant to beet armyworm, five 3-day
old larvae of beet armyworm �Spodoptera exigua

Figure 5. Southern blot analysis of transgenic garlic plants. DNA from hygromycin-resistant transformants was digested with HindIII, frac-
tionated by electrophoresis, transferred to a nylon membrane, and allowed to hybridise to a probe. DNA from a PCR amplification using hpt
primers generated a 1.2 kb fragment. This 1.2 kb fragment was used as a probe. Lane M: �DNA digested with HindIII; Lane N: untrans-
formed garlic plant as negative control. Lanes 1–13: clonal plants originating from one line transformed with AGL0 �pPB36�.

Figure 6. Southern blot analysis of transgenic garlic plants. DNA from hygromycin-resistant transformants was digested with HindIII, frac-
tionated by electrophoresis, transferred to a nylon membrane, and allowed to hybridise to a probe. DNA from a PCR amplification using
cry1Ca primers generated a 802 bp fragment. This 802 bp fragment was used as a probe. Lane M: �DNA digested with HindIII; Lane N:
untransformed garlic plant as negative control. Lanes 1–13: clonal plants originating from one line transformed with AGL0 �pPB36�.
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Hübner� were fed on transgenic and non-transgenic
leaves. Four days after the start of the experiment all
five larvae survived on non-transgenic garlic leaves
and had developed normally, while all five larvae
were killed on transgenic garlic leaves �Figure 8�. The
same results were obtained in two successive repli-
cate experiments.

Discussion

We have developed a simple and reliable transforma-
tion system for garlic. The transformation procedure
is based on Agrobacterium tumefaciens using as tar-
get tissue young callus derived from both apical and
non-apical root segments, true garlic seeds and
immature bulbils. This is an improvement to the pre-
vious protocols for garlic transformation as these only
used callus induced on apical meristems of �im�ma-
ture cloves for successful transformation �Kondo et
al. 2000; Park et al. 2002 and Sawahel 2002�. How-
ever, cloves age during storage and, therefore, may be
less suitable for callus induction.

The possibility to use both apical and non-apical
root segments from in vitro plantlets in our system
appears to be a significant advance, because it is now
feasible to carry out garlic transformation experi-
ments year-round. We demonstrated that shoot regen-
eration from callus induced on non-apical segments
was higher, although not significant, compared to cal-
lus induction from apical root segments �Zheng et al.
2003�. In this context, Shuto et al. �1993� showed that
as much as 20% shoot regeneration took place in gar-
lic via root-tip derived callus and Haque et al. �1997�
obtained high frequency shoot regeneration and
plantlet formation from garlic root-tips. Other impor-

tant issues for a successful transformation system are
transformation frequency and time required to obtain
transgenic plants. Our transformation protocol takes
about six months from callus induction to the
production of in vitro transgenic plants. We induced
very young and small calli �Figure 2A� on root seg-
ments of in vitro garlic plantlets and these behave
similarly to the 3-week old calli derived from onion
and shallot seeds in a previous study �Zheng et al.
2001a, b�. The highest transformation frequency ob-
tained was 1.47% using garlic cv. ‘Printanor’. This
frequency was comparable to our previous developed
onion and shallot transformation protocol �Zheng et
al. 2001a�. We obtained seven lines with transgenic
garlic plants in six different independent experiments
by using different constructs �Table 2�. Kondo et al.
�2000� obtained 20 shoots, which were induced on
about 1000 calli using one construct. Fifteen of the
20 plants expressed �-glucuronidase activity upon
staining with X-Gluc. Their transformation frequency
was approximately 1.5%, which is similar to our
transformation frequency. The transformation proce-
dure of Kondo and co-workers took at least eight–ten
months from starting material to the production of
transgenic garlic. Biolistic transformation via the
protocol of Park et al. �2002� took about 14 months
and the transformation frequency reported was
0.63%. On the basis of the results obtained from all
garlic transformation studies carried out until now, it
seems that our protocol is straightforward having an
acceptable transformation frequency. Evidence is also
accumulating that in garlic, the transformation fre-
quency is higher in Agrobacterium tumefaciens-me-
diated protocols compared to particle gun protocols
�1.5 and 1.47% vs 0.63%�. Amongst others this might
be due to the presence of a strong endogenous
nuclease activity �Barandiaran et al. 1998� interfering
to a large extent with the latter transformation system.
Only via blocking of DNase activity using aurintri-
carboxylic acid Sawahel �2002� was able to produce
transgenic plants. In a previous study on onion and
shallot transformation �Zheng et al. 2001a, b� it was
shown that the use of different cultivars is an impor-
tant factor influencing transformation frequency. Also
in the present study we found indications for this ef-
fect as cvs. ‘Printanor’ and ‘Messidrome’ produced
transgenic in vitro plants and cv. ‘Morasol’ did not
�Table 2�. Furthermore, we investigated if the pres-
ence of a catalase-1 intron in the hpt gene might im-
prove our protocol as it was observed in rice �Wang
et al. 1998�. They found that a catalase-1 intron in the

Figure 7. PCR amplification of genomic DNA from garlic trans-
formants. DNA amplified with gfp primers resulting in a 644 bp
fragment. Lane M: 1kb DNA ladder marker; Lane 1–6: individual
transgenic garlic plants with AGL0 �pC1300intA-sGFP�.
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hpt gene resulted in a higher resistance towards hy-
gromycin, which allowed an easier killing of Agro-
bacterium during the regeneration of transgenic
plants. The easier killing of Agrobacterium resulted
in a higher transformation frequency. However, the
use of intron-hpt plasmids pC1300intA-sGFP and
pC1300intA in our hands did not improve garlic
transformation efficiency compared to the other plas-
mids without intron-hpt �Table 3�. Concerning the
molecular analysis of the 13 transgenic plants from
cv. ‘Printanor’, we found that the number of bands
hybridizing to the gusA �RB� and the hpt �LB� probes
were different. There were three bands hybridizing to
the hpt probe, while only one band hybridized to the
gusA probe. This finding could be interpreted as a re-
sult of a head-to-head tandem repeat, which occurred
during the integration of T-DNA into the garlic ge-
nome. Using the same basic plasmid pCAMBIA1301
for rice transformation, Sallaud et al. �2003� also
found that the number of bands hybridizing to the
gusA �RB� and the hpt �LB� probes were different.

In this study, we produced transgenic garlic plants
harbouring the cry1Ca gene. Using an in vitro assay
we showed that the cry1Ca gene functioned satisfac-
torily as transgenic garlic was not affected by beet ar-
myworm �Figure 8�. Furthermore, the cry1Ca trans-
genic plants grew well in the greenhouse, had a
normal phenotype and produced bulbs. Therefore,
these transgenic plants show great promise in the fight
against beet armyworm in �sub-� tropical Allium cul-
tivations. Remarkably, transgenic plants harbouring
the H04 gene died after transferring to the green-
house. However, in our shallot transformation experi-
ments �unpubl. data� we observed that in vivo
transgenic shallot plants could be produced harbour-
ing either cry1Ca or H04 gene albeit looking at over-
all frequencies H04 plants generally perform worse

than Cry1Ca plants. At present it is unclear what
caused this discrepancy. A similar phenomenon
occurred when using GFP in garlic transformation
experiments. Also with this gene transgenic garlic
plants died after transfer to the greenhouse. However,
Eady et al. �2000, 2003� showed that in onion trans-
formation plants could be produced harbouring the
gfp gene. This difference might be due to the fact that
they used a different construct �m-gfp5-ER�. How-
ever, further research is clearly needed to solve this
problem. The use of GFP in our garlic transformation
research was very helpful because it allowed us to
monitor the transformation process in detail without
having to remove the tissue from the culture plates
and without adversely affecting tissue growth.

Our study showed that genetic transformation of
garlic via Agrobacterium tumefaciens can be achieved
using callus induced from different source tissues
�preferably from in vitro roots� and that the procedure
from start to end can be reduced to six months. Fur-
thermore, using this new transformation protocol we
were able develop garlic resistant to beet armyworm
which is a major step forward in combating this seri-
ous pest in �sub-� tropical Allium.
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