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Abstract Transgenic leek (Allium porrum) and garlic (Al-
lium sativum) plants have been recovered by the selec-
tive culturing of immature leek and garlic embryos via
Agrobacterium-mediated transformation using a method
similar to that described by Eady et al. (Plant Cell Rep
19:376–381, 2000) for onion transformation. This method
involved the use of a binary vector containing the m-gfp-
ER reporter gene and nptII selectable marker, and followed
the protocol developed previously for the transformation
of onions with only minor modifications pertaining to the
post-transformation selection procedure which was sim-
plified to have just a single selection regime. Transgenic
cultures were selected for their ability to express the m-gfp-
ER reporter gene and grown in the presence of geneticin
(20 mg/l). The presence of transgenes in the genome of the
plants was confirmed using TAIL-PCR and Southern anal-
ysis. This is the first report of leek and ‘true seed’ garlic
transformation. It now makes possible the integration of
useful agronomic and quality traits into these crops.
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Introduction

As the agronomic benefits of transgenic first-tier crops
become more obvious there is an increasing need to de-
velop transformation systems for second tier, niche crops.
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Leek (Allium porrum) and garlic (A. sativum) are such
crops. Because they are closely related to onion (Allium
cepa), it is possible that the onion transformation method
developed by Eady et al. (2000), which has been shown
to be cultivar-independent and effective with different
constructs and selective agents (Eady 2002; Eady et al.
2003a, b), might be successfully applied to these crops.

Although there are no reports of leek transformation,
somatic hybrid production between leek and onion using
protoplast fusion and tissue culture has been reported
(Buiteveld et al. 1998). There are three previous reports
of garlic transformation. Kondo et al. (2000) used
Agrobacterium to transfer the uidA reporter gene and
the hygromycin (hyg) selective gene. Park et al. (2002)
used biolistics to transfer herbicide resistance to a similar
cell culture system. Most recently, Zheng et al. (2004)
introduced insect resistance traits into five lines of garlic
using Bt constructs. However, the process required lengthy
pre-culture periods, and stable transgenic plants were
only achieved from one explant of a bulbil and one root
explant culture of garlic cv. Printanor. These three systems
all required considerable time in tissue culture, raising
the possibility of incorporating undesirable somaclonal
mutations that cannot easily be eliminated from clonal
material (such as garlic). The objective of the work
described here was to determine if the immature embryo
transformation protocol described by Eady et al. (2000)
could be successfully applied to other Allium species
(garlic and leek) to produce stable transgenic plants.

Materials and methods

Transformation followed the protocol of Eady et al. (2000)
with the following modifications.

Plant material

Field-grown umbels of Allium porrum and A. sativum were
used as a source of immature embryos. Immature embryos
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were isolated following the procedure of Eady and Lister
(1998).

Bacterial strain

Agrobacterium tumefaciens strain LBA4404 containing
the binary vector pBIN m-gfp-ER (Haseloff et al. 1997),
which includes the modified gfp (green fluorescent protein)
reporter gene that is targeted to the endoplasmic reticulum
(ER) (m-gfp-ER) and the nptII (neomycin phosphotrans-
ferase II) antibiotic selectable marker gene, was used.
Cultures were grown to log phase in LB media containing
50 mg/l of kanamycin and 100 mg/l streptomycin, and then
stored at −80◦C in 1-ml aliquots containing 15% glycerol.
Aliquots were used to inoculate 50-ml overnight cultures.
The following morning the cultures were replenished
with an equal volume of LB containing the appropriate
antibiotics and 100 µM acetosyringone and grown for
a further 4 h. Agrobacteria were isolated by a 5-min
centrifugation at 4,000 rpm and resuspended in P5 media
(consisting of embryogenic induction media from Eady et
al. 1998 and 5 mg/l of picloram) (Eady and Lister 1998)
containing 200 µM acetosyringone at a density of
0.5–1.0 OD550 nm.

Transformation procedure

Immature embryos from seeds held overnight at 4◦C were
isolated in batches of 50, cut into approximately 1- to
2-mm sections and used for transformation experiments
with no prior pre-culture. Between 14 and 19 batches were
used in each of four experiments for both leek and garlic
immature embryos. An Agrobacterium culture (400 µl) was
added to each batch before vortexing for 30 s. The batches
were then placed under vacuum (approx. 20 inch Hg)
for 30 min. Embryos were then placed on filter paper for
1 min to remove excess bacteria before being transferred
to P5 medium (approx. three batches of embryos per
plate). After 6 days of cocultivation, the embryos were
transferred to P5 medium containing 12 mg/l geneticin and
200 mg/l timentin. These embryo pieces were cultured in
the dark under the conditions described for the production
of secondary embryos (Eady and Lister 1998). The
cultures were then transferred to fresh medium every
2 weeks for 12 weeks. During this period, the cultures
were examined for GFP expression by observation under
a fluorescence microscope using 475-nm excitation and
510-nm emission (Haseloff et al. 1997). Any material
that was not expressing the transgene was discarded.
Actively growing tissue pieces were then transferred
to regeneration medium K-7S (Shahin and Kaneko
1986) containing geneticin and timentin at the same
concentration as present in the P5 media and placed in a
culture room under a 16/8-h (light/dark) photoperiod. This
material was transferred to fresh media every 3 weeks
and developing shoots were transferred to half-strength
MS media (Murashige and Skoog 1962) plus geneticin to

induce rooting. Rooted plants were transferred to a perlite,
bark and peat mix (1:1:1) containing 400 g/50 l dolomite,
300 g/50 l osmocote, 75 g/50 l superphosphate, 50 g/50 l
sulphate of potash, topped with perlite and placed in the
glasshouse.

Analyses of transgene expression

Tissue GFP expression was detected as previously
described (Eady et al. 2000). Growth and regeneration on
media containing geneticin was used as an indication of
nptII gene expression.

Initial detection of transgenes

PCR reactions to confirm the presence of the nptII
transgene in leek and garlic DNA were performed
on DNA isolated using a urea extraction method
(Shure et al. 1983). Primers—nptII forward and reverse
(Table 1)—were used to amplify a 600-bp fragment. Each
25-µl PCR reaction contained approximately 100 ng DNA,
2.5 µl 10× buffer (Roche, Indianapolis, Ind.), 2.5 µl of
200 nmol of each dNTP, 100 µmol of forward and reverse
primers, 0.2µl Taq (Roche). PCR reactions consisted of one
cycle of 5 min at 94◦C, followed by 35 cycles at 94◦C,
60◦C and 72◦C for 1 min each, then one cycle of 7◦min at
72◦C.

TAIL-PCR procedure

Thermal asymmetric interlaced (TAIL)-PCR was per-
formed as described (Liu et al. 1995) with some
modifications. Three forward specific nested (SN) primers
were designed from sequence data of the right border
of pBin19 (from which pBIN m-gfp-ER was derived).
These were: RBTAIL1, RBTAIL2 and RBTAIL3. The
return primers were the arbitrary degenerate (AD) primers
AD1, AD2, AD3 and AD4 (Table 1). Primary TAIL-PCR

Table 1 Primer sequence information for PCR and TAIL-PCR
protocols

Primers Sequence

NptII
forward

51 ATGACTGGGCACAACAG ACAATCGGCTGCT 31

NptII
reverse

51 CGGGTAGCCAACGCTATGTCCTGATAGCGG 31

RBTAIL1 5′-ccttaggcgacttttgaacg-3′

RBTAIL2 5′-cgcgca ataatggtttctgacg-3′

RBTAIL3 5′-agttccaaacgtaaaacggc-3′

AD1 5-NTCG A(G/C)T(A/T)T(G/C)G(A/T)GTT-3
AD2 5′-NGTCGA(G/C)(A/T)GANA(A/T) GAA-3′

AD3 5′-(A/T)GTGNAG(A/T)ANCANAGA-3′

AD4 5′NGTA(G/C)A(G/C) (A/T)GTNA(A/T)CAA-3′
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was performed on approximately 100 ng genomic DNA
as a template in 25-µl reactions containing 1× supplied
Taq polymerase buffer, 1.5 mM MgCl2, 200 nM of each
dNTP, 200 nM of specific nested primer, 2 µM of AD
primer and 1 U Taq polymerase (Roche). Primers for
the first PCR reaction were the right border SN primer
RBTAIL1 and one of the four AD primers as the return
primer. The secondary reaction solution was the same as
that for the primary reaction except that 1 µl of the primary
reaction product diluted 1:50 was used as a template with
RBTAIL2 as the forward primer. Likewise, the tertiary
reaction solution was the same except that 1 µl of the
secondary reaction product diluted 1:50 was used as a
template and RBTAIL3 was used as the forward primer.
TAIL-PCR reaction conditions are as follows.

Round-1 PCR

One cycle of 2 min at 95◦C; five cycles of 1 min at 94◦C;
1 min at 62◦C, 2.5 min at 72◦C; one cycle of 1 min at
94◦C, 6 min at 25◦C ramping to 72◦C at 0.3◦C/sec, 2.5 min
at 72◦C; fifteen cycles of 30 s at 94◦C, 1 min at 62◦C,
2.5 min at 72◦C, 30 s at 94◦C, 1 min at 62◦C, 2.5 min at
72◦C, 30 s at 94◦C, 1 min at 44◦C, 2.5 min at 72◦C; 5 min
at 72◦C, then a hold at 4◦C.

Round-2 PCR

Fifteen cycles of 30 s at 94◦C, 1 min at 62◦C, 2.5 min at
72◦C, 30 s at 94◦C, 1 min at 62◦C, 2.5 min at 72◦C, 30 s
at 94◦C, 1 min at 44◦C, 2.5 min at 72◦C; 5 min at 72◦C,
then a hold at 4◦C.

Round-3 PCR

Thirty cycles of 1 min s at 94◦C, 1 min at 44◦C, 2.5 min
at 72◦C; 5 min at 72◦C, then a hold at 4◦C.

Sequencing of TAIL-PCR products

Amplified TAIL-PCR products were sequenced by
reamplifying from agarose plugs of the third-cycle
product. This was then run out on a gel to determine
purity. Pure single bands were further purified using the
Roche High Pure PCR Purification kit. If a single band
was not produced, the desired band was separated and
purified using the Qiagen Qiaquick Gel Extraction kit
(Qiagen, Valencia, Calif.). Cleaned-up PCR product (2 µl)
was run next to 1. 5 µl and 3 µl of Low Mass ladder
(Invitrogen, Carlsbad, Calif.) to quantify and estimate
product size. PCR products were sequenced by standard
Big Dye Cycle sequencing with primer RBTAIL3 at the
University of Waikato DNA sequencing facility, Hamilton,
New Zealand.

Southern analysis

The Southern procedure described by Eady et al. (2000)
was used to reconfirm the integrated nature of the
transgenes and to determine the copy number.

Results and discussion

Embryo isolation

This research identified several differences between leek,
garlic and onion. Leek seeds mature differently in that the
seed coat hardens and darkens off later than in onions.
This requires the identification of different external signals
to gauge the correct immature embryo stages required
for transformation. After most of the petals had withered,
umbels were checked for the correct seed stage. Leek,
despite having considerably smaller seeds, had embryos
of a similar size to onion. However, it had less endosperm
material. Garlic seed and embryos are smaller than those
of onion. The pungency and tearing factor released from
garlic seed heads upon disturbance was also noticeably
less. Leek flowers produced much more tearing than
onion flowers while garlic produced almost none. Finally,
the juice released from the ovary wall upon disruption
was much more irritating in garlic than in either leek or
onion. Gloves were required to prevent skin damage when
handling garlic ovary tissue during the isolation process.
These observations raised interesting speculations about
the temporal and spatial distribution of the various forms
of alkyl cysteine sulfoxides and catalytic enzymes such as
alliinase and lachrymatory factor synthase within the floral
organs of their related Allium species. Such differences
between Allium species have been demonstrated (Imai
et al. 2002). Unpublished data within our laboratory
showing differential temporal expression of alliinase and
lachrymatory factor support the above observations.

Leek and garlic seed coats were more sensitive to
bleaching than onion. Consequently, seeds were placed in
a 30% commercial bleach solution for 10 min instead of
the 30 min used for onion sterilisation.

Selection and regeneration

Leek

Immature leek embryos exhibited a quite different
response compared to immature onion embryos when
placed on P5 media. Cultures were much whiter and
more friable than those observed during onion immature
embryo selection and culture. When placed on K-7 media
the leeks produced mostly root structures with masses of
‘fluffy’ root hairs above the media. When shooting cultures
were placed on half-strength MS (Eady et al. 1998) to
induce rooting, they grew extremely slowly compared to
onion tissue. Ex-flasking these plants was very difficult.
The leaves turned a very light-green colour when put in
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Fig. 1 a Ex-flasked garlic plants from experiments 0124 and 0125,
b ex-flasked leek plants from experiments 0119, c garlic and d leek
depicting GFP sector development in a GFP-positive culture (left)

and a GFP-positive tissue (middle left) and plant (middle right); re-
generation (right)

the glasshouse, and many clonal plants died before some
were successfully ex-flasked (Fig. 1a). Surviving plants
continued to grow slowly with new leaves quickly dying
off from the tips, especially under strong light. Shading
improved the growth of these plants, but the cause of
the poor growth has yet to be determined. It may be
due to somaclonal effects arising during in vitro culture,
although this has not been observed in non-transgenic leeks
regenerated from tissue culture. However, non-transgenic
regeneration produces thousands of shoots to choose
from so only vigorous ones were likely chosen. With
the transgenic line the luxury of choice did not exist.
Zheng et al. (2004) had similar problems ex-flasking
GFP-positive garlic.

Garlic

Garlic immature embryos responded to selection and
culture in a fashion more similar to that of onions than leek.
The major difference in garlic was that a high proportion of
the immature embryos (approx. 50% in some experiments)
simply produced elongated cotyledons (similar to etiolated
seedlings) in response to the P5 media. These embryos
failed to produce embryogenic cultures. Cultures that were
transgenic responded to regeneration and rooted, although
like leek they took much longer to regenerate than onion.
Fortunately, like onion they were relatively easy to ex-flask

and once in the glasshouse grew into mature garlic plants,
producing cloves and topsets (Fig. 1a).

Transformation results

Leek

In three experiments approximately 2,250 embryos were
isolated from field-grown Allium porrum umbels and trans-
formed with the binary vector pBIN m-gfp-ER (Haseloff et
al. 1997) (Table 2). A transformation frequency of about
0.09% was obtained (two events from 2,250 embryos).
However, there are many explanations for this low fre-
quency. The first experiment used leeks from a commercial
source that had been in transit at ambient temperature for 4
days. The embryos consequently did not arrive in a healthy
state nor were they at the optimum stage of development.
In experiments 0119 and 0120, embryos were isolated
from a small population of locally grown Musselburgh
cultivar and may have contained many selfed individuals.
Finally, umbels in experiment 0120 had been refrigerated
for 3 days prior to embryo isolation. This appears to be
detrimental to transformation success (Eady, unpublished
data).

Initial transgenic tissue was selected using GFP
expression and growth on geneticin (Fig. 1d). Several
clonal plants of two independent transgenic events were
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Table 2 Stable transformation and regeneration rates for garlic and
leek immature embryos

Plant Experiment
number

Number of
embryos
transformed

Number of
stable GFP
sectors after
8–12 weeks

Number of
regenerated
transgenic
lines

Garlic 0122 683 1 0
0123 670 3 0
0124 900 6 1
0125 950 10 1

Leek 0118 700 6 0
0119 850 14 1
0120 700 6 1

regenerated and ex-flasked (Fig. 1b), and these have been
confirmed as transgenic by molecular diagnostics.

Garlic

In four experiments (experiments 0122–0125) approxi-
mately 3,200 embryos were isolated from field-grown Al-
lium sativum umbels and transformed with the binary vector
pBIN m-gfp-ER (Haseloff et al. 1997) (Table 2). A trans-
formation frequency of approximately 0.06% was obtained
(two events from 3,200 embryos). Both of these plants were
the result of a steady improvement in transient gene expres-
sion achieved during progression from experiments 0122
to 0125 (such as skill in isolating the embryos and choosing
larger, apparently healthy embryos). In experiment 0122,
embryos were very small (average approx. 2 mm), and
most succumbed to Agrobacterium overgrowth. Devel-
oping skills in isolating embryos markedly improved the
success of transient gene expression. In experiment 0125,
a multicellular GFP sector development (Fig. 1c) of 1%
was achieved, and the transformation efficiency was 0.1%

Molecular analysis

Detection of integrated transgenes

TAIL-PCR (Liu et al. 1995) from right borders of T-DNA
inserts was used to determine unique integration events,
as product size and banding pattern of TAIL-PCR are
dependent on the sequence composition of flanking
genomic DNA. As outlined by Eady (2002), this process
has been adopted to detect and confirm transformants in
Allium species as it can be applied to small amounts of
tissue and is relatively rapid, providing a screen of putative
clonal material for escapes and different transformation
events.

Leek

PCR analysis of the plants using the nptII primers indicated
the presence of the nptII gene in the transformants tested

Fig. 2 nptII PCR for the presence of the transgene. Lanes: 1 Water
control, 2 non-transgenic garlic, 3 non-transgenic leek, 4, 5 transgenic
garlic 0124, 6 transgenic garlic 0125, 7, 8 transgenic leek 0119, 9
transgenic leek 0120, 10 plasmid control, 11 1-kb ladder

Fig. 3 The lane pairs are second- and third-round TAIL-PCR prod-
ucts. Lanes: 1, 2 are from transgenic leek 0119, 3 is from transgenic
leek 0120, 4 is the TAIL profile from pBIN m-gfp-ER, 5 is from
transgenic garlic 0124

Fig. 4. TAIL-PCR sequence across the right-border integration junc-
tion showing the T-DNA right border sequence (black) and the leek
genomic DNA (grey). The lowercase c at position 91 is different to
the Genbank consensus, which is a T. The leek DNA has no sequence
similarity with any sequence in the Genbank

(Fig. 2). TAIL-PCR of these plants has confirmed different
integrated independent transgenic events (Fig. 3).

Two individual TAIL-PCR products were amplified
from leek transformants. One line, from experiment 0119,
showed a single TAIL-PCR step down, which indicated
integration of the T-DNA right border into the leek genome.

Fig. 5 Southern analysis of HindIII-digested DNA probed with the
nptII probe. Lanes: 1, 2 one and five copy plasmid control, respec-
tively, 3 leek 0120, 4, 5 non-transgenic onion DNA, 6 garlic 0124,
7, 8 garlic 0125, 9 blank, 10 non-transgenic garlic DNA, 11 non-
transgenic leek DNA
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Fig. 6 a Transgenic leek plants
growing from bulbils from the
original parent leek 0120, b
transgenic garlic topsets from
line 0124, c cloves from
line 0125

Sequence information (Fig. 4) from this step-down band
confirmed this. The other TAIL-PCR step-down suggested
a more complex integration pattern as two step-downs were
apparent. This was confirmed by Southern analysis, which
confirmed that a line from experiment 0120 contained
multiple integration events. (Fig. 5). PCR primers designed
from the TAIL sequence of a transgenic leek line from
experiment 0119 amplified the expected fragment size and
failed to amplify non-transgenic DNA or transgenic leek
from experiment 0120, confirming the unique nature of
the integration site.

Plants are presently being grown to maturity to obtain
seed, which will allow the inheritance and stability of the
transgene in leeks to be tested. However, this is proving
difficult as containment glasshouse facilities do not reflect
natural conditions and getting good growth for floral
induction is an issue. To date, clonal regeneration through
bulbs has been used to maintain the material (Fig. 6)

Garlic

PCR analysis of the plants using nptII primers indicated
the presence of the nptII gene in the transformants tested
(Fig. 2). An individual TAIL-PCR product was amplified
from a garlic transformant line from experiment 0124.
(Fig. 3.) Sequence from the third-cycle TAIL amplification
was used to confirm integration and showed that the clonal
material was indeed clonal. Southern analysis (Fig. 5) of
clones showed that a line from experiment 0125 contained
two transgenic loci, with possibly one locus containing two
copies of the transgene. Different migration distances of the
transgene fragments reflected differences in the running
distances of the digested DNA (not shown), and this needs
to be considered before deciding upon whether integration
sites are different or the same. Also,it was noted that the
lower band is more intense in lane 8 than in lane 7, this could
be attributed to a chimeric transformant and is similar to
that noted by Domı́nguez et al. (2004). However, Southern
blot analysis of large genomes is often complicated by the
large amount of DNA that has to be loaded, and such a phe-
nomenon could just as likely be attributed to different impu-
rities in the preparations or differences in degradation status
of the DNA in the sample. Analysis of topsets from these
plants and TAIL sequence can help confirm this situation.
Kondo et al. (2000) produced Southern data for two lines
from 1,000 callus pieces (0.2% transformation frequency).
While this is higher than reported here (0.1% in the last ex-
periment), their process required a pre-culture period of at

least 2 months, a selective callus culture period of 2 months,
and 4–5 months on shoot selection medium before the
shoots were induced. A lengthy culture period of 14 months
was also required by Park et al. (2002) to produce a few
chlorosulfuron-resistant garlic lines via bombardment. The
technique reported here can process up to 1,500 embryos
per experiment and two experiments per week. Shoots can
be regenerated within just 4 months so although transfor-
mation frequency is low, efficiency is relatively high.

Zheng et al. (2004) claimed rapid (6 months) and
high-frequency transformation (1.47% from one exper-
iment). However, after their exhaustive transformation
experiments on several different cultivars and sources,
only two lines survived in the glasshouse and Southern
data was produced for just one of these. This result is thus
comparable with that reported here following much less
exhaustive experimentation.

Plants were grown to maturity to obtain topsets and
cloves (Fig. 6). These are being regenerated to deter-
mine the stability of the transgene through successive
generations. It is unlikely that glasshouse conditions can
replicate conditions required for floral induction, so sexual
inheritance studies are not feasible unless the plants can
be field-grown in the correct environment.

Conclusion

The repeatable transformation system for onion developed
by Eady et al. (2000) has been extended and applied to
other members in the Allium genus. Further optimisation
of conditions is necessary to improve the response of
leek and garlic to the transformation process, particularly
aspects of media composition, co-cultivation conditions
and immature embryo health. A higher than expected
frequency of multiple copy inserts has been reported by
Zheng et al. (2004) when transformating garlic and onion.
This was not observed previously by Eady et al. (2000) but
could not be determined in this report due to small sample
size. Copy number may reflect the quality of the material
being transformed and its ability to readily regenerate
under the given culture conditions rather than any innate
difference amongst Alliums to integrate T-DNA.

The development of garlic production systems capable
of producing commercial quality ‘true seed’ and the
short in vitro culture periods of the transformation
method described here would make immature embryo
transformation an appealing option for garlic. It is also
the first demonstration of stable transformation in leek,
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opening the way for transgenics to be used to introduce
beneficial traits into this species.
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