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Abstract A protocol for Agrobacterium-mediated trans-
formation with either kanamycin or mannose selection was
developed for leaf explants of the cultivar Prunus dul-
cis cv. Ne Plus Ultra. Regenerating shoots were selected
on medium containing 15 µM kanamycin (negative selec-
tion), while in the positive selection strategy, shoots were
selected on 2.5 g/l mannose supplemented with 15 g/l su-
crose. Transformation efficiencies based on PCR analysis
of individual putative transformed shoots from indepen-
dent lines relative to the initial numbers of leaf explants
tested were 5.6% for kanamycin/nptII and 6.8% for man-
nose/pmi selection, respectively. Southern blot analysis on
six randomly chosen PCR-positive shoots confirmed the
presence of the nptII transgene in each, and five randomly
chosen lines identified to contain the pmi transgene by
PCR showed positive hybridisation to a pmi DNA probe.
The positive (mannose/pmi) and the negative (kanamycin)
selection protocols used in this study have greatly im-
proved transformation efficiency in almond, which were
confirmed with PCR and Southern blot. This study also
demonstrates that in almond the mannose/pmi selection
protocol is appropriate and can result in higher transfor-
mation efficiencies over that of kanamycin/nptII selection
protocols.
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Introduction

Gametophytic self-incompatibility (GSI) is exhibited by
many plants belonging to the family Rosaceae (Sedgley
1994) including fruit trees such as apple, pear, cherry
and almond, and overcoming self-incompatibility (SI) in
almond is a goal of almond-breeding programs. Conven-
tional breeding techniques of woody fruit trees is often
difficult and slow because of high levels of heterozygosity
and the long generation time between successive crosses
(Sriskandarajah et al. 1994). These difficulties necessitate
the development of rapid gene transfer methods for the
genetic improvement of fruit trees. The pre-requisite
for genetic transformation is a regeneration protocol
compatible with the gene transfer methods of the targeted
species. However, woody fruit trees are very recalcitrant to
regeneration and transformation in vitro (Petri and Burgos
2005). Previous success in regenerating transgenic woody
plants has been reported in apple (De Bondt et al. 1994;
James et al. 1989), pear (Matsuda et al. 2005), apricot
(Machado et al. 1992) chestnut (Seabra and Pais 1998)
and almond (Miguel and Oliveira 1999).

Regeneration of almond shoots in tissue culture is pos-
sible using both immature and mature leaf tissue samples
(Ainsley et al. 2000; Mehra and Mehra 1974; Miguel et al.
1996), but robust regeneration of Agrobacterium-mediated
transformed almond shoots in culture has been difficult
to achieve. Almond callus generated from leaf explants
has been successfully transformed (Ainsley et al. 2001a;
Archilleti et al. 1995), however, the callus failed to regener-
ate transformed almond shoots. Using leaf explants derived
from germinated almond seeds, Miguel and Oliveira (1999)
were successful in regenerating four putative transformed
shoots from the almond cultivar Boa Casta, only one of
which consistently showed the presence of the transgene
(GUS) detected using both PCR and Southern blot analysis.
Poor recovery of transformed almond shoots appears to be
a consequence of its inadequate growth in culture partic-
ularly in the presence of antibiotic (kanamycin) selection
pressure. New advances are required to improve upon the
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inherently low transformation efficiency in almond, which
is currently limiting future functional analysis of gene ac-
tivity and directed genetic enhancement.

Widespread public concern over the use of marker genes
conferring antibiotic or herbicide resistance has led to the
development of alternative selection systems for trans-
formed tissues (Haldrup et al. 1998; Hansen and Wright
1999; Joersbo et al. 1998). These selection systems oper-
ate by inhibiting the growth of the non-transformed tissue
through carbohydrate starvation (positive selection). The
phosphomannose isomerase structural gene (pmi) from Es-
cherichia coli (Miles and Guest 1984) has been used suc-
cessfully as a selectable marker in Agrobacterium-mediated
herbaceous plant transformations (He et al. 2004; Joersbo
et al. 1998; Negrotto et al. 2000; O’Kennedy et al. 2004;
Sigareva et al. 2004; Wang et al. 2000; Zhang et al. 2005).
Mannose is readily taken up by the plant and converted to
mannose-6-phosphate by the action of hexokinase. Accu-
mulation of mannose-6-phosphate in plant cells inhibits
phosphogluco isomerase leading to a block in glycoly-
sis (Goldsworthy and Street 1965) which disrupts growth.
However, when plants are transformed with pmi, they are
able to survive by utilising mannose as a carbohydrate
source. Further, unlike standard antibiotics, mannose se-
lection does not result in a direct negative toxic effect as
the control callus and shoots continue to grow albeit very
slowly and acquire a brown colour (Lindsey and Gallois
1990). In tissue culture, almond can readily utilise sucrose,
fructose or glucose as a carbon source but grows poorly on
mannose, making the mannose/PMI selection protocol an
attractive selection option (Wang et al. 2000).

To date, there have not been reports of successful trans-
formation and regeneration from a commercial almond
cultivar. Here, we report the successful regeneration of
transformed shoots from the almond cultivar Ne Plus Ultra
via Agrobacterium-mediated transformation using either
kanamycin (negative) or mannose/pmi (positive) as selec-
tion agents.

Materials and methods

Plant material

Leaf explants from the P. dulcis cv. Ne Plus Ultra were used
in the transformation experiments. The explants were taken
from clonal shoots propagated in vitro using the protocol
of Ainsley et al. (2000).

Bacterial strain and vectors

Agrobacterium strain EHA 105 (Hood et al. 1993) trans-
formed with the plasmid pBI121mgfp-5-ER (Haseloff et al.
1997) and AGL1 (Lazo et al. 1991) transformed with the
plasmid pNOV2819 manA (Syngenta, NC 27709, USA)
were used in the transformation of almond leaf explants.
The plasmid pBI121mgfp-5-ER has the nptII gene under
the nopaline synthase (nos) promoter, nos terminator and

Table 1 Effect of mannose on growth in almond leaf explants

Mannose (g/l) Sucrose (g/l) Percent of explants callusing

0 30 80
0.5 15 65
1.0 15 50
2.0 15 35
2.5 15 10
5 15 5
10 10 1
20 0 0

Note. Leaf explants were grown in MS medium supplemented with
IBA (1.96 mg/l), BAP (2.5 mg/l) and cefotaxime (630 µM) with
indicated amounts of mannose and sucrose

the mgfp-5-ER gene under the control of 35S promoter and
the nos terminator. The plasmid pNOV2819 manA contains
the pmi gene under the control of CPMS (Cestrium Yellow
Leaf Curling Virus Promoter—short version) promoter and
nos terminator.

Determination of mannose concentration for selection

To determine the optimum mannose concentration inhibit-
ing shoot formation, almond leaf explants were placed on
regeneration medium containing mannose alone (0 and
20 g/l) or in combination with sucrose (0–30 g/l) (Table
1). Ten explants were placed per plate and two plates were
used for each mannose–sucrose concentration.

Transformation of in vitro leaf explants

The four youngest fully expanded leaves from in vitro
micropropagated clonal shoots were used for trans-
formation. The explants were pre-cultured for 3 days
in liquid MS medium (Murashige and Skoog 1962)
supplemented with IBA (1.96 mg/l) and BAP (2.5 mg/l) at
23 ± 2◦C in dark. The pre-cultured explants were dissected
transversely across the midrib into 5 mm sections prior to
transformation.

Agrobacterium cultures were grown overnight to tur-
bidity (late log phase) in LB medium supplemented with
0.1% (w/v) glucose and appropriate antibiotics (100 µM
kanamycin and 25 µg/ml rifampicin for EHA 105 carry-
ing the plasmid pBI121mgfp-5-ER and 50 µg/ml spectino-
mycin and 25 µg/ml rifampicin for the AGL1 strain car-
rying the plasmid pNOV2819 manA). The cultures were
centrifuged at 4,000 rpm at 18◦C for 5 min and adjusted to
OD550 nm of 0.5 with LB medium supplemented with 0.1%
(w/v) glucose. Acetosyringone (Sigma) at a final concen-
tration of 100 µM was added to the Agrobacterium cultures
and incubated at 28◦C with shaking for 2 h. The cultures
were centrifuged at 4,000 rpm at 18◦C for 5 min and the
cells diluted to an OD550 nm of 0.3 with liquid MS medium.
The pre-cultured almond leaf explants were co-cultivated
with Agrobacterium cultures for 1 h on a rotary shaker at
28◦C. The explants were blotted on sterile Whatman filter
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Table 2 Effect of kanamycin selection on regeneration of almond cultivar Ne Plus Ultra, following transformation with Agrobacterium
strain EHA 105 carrying the pBI121mgfp-5-ER plasmid

Leaf explants
inoculated (A)

Kanamycin (µm) Selection applied
no. of days after
co-cultivation

Total shoots
regenerated from

all lines

Total shoots from
all lines surviving

after selection

Independent
transformed lines
PCR positive for

Kan gene (B)

Putative
transformation

efficiency (B/A, %)

321 15 3 0 0 – –
321 15 21 28 0 – –
321 20 21 10 0 – –
414 15 70 197 48 23 5.6

Note. Leaf explants were grown on RMI medium

papers and transferred to plates containing RM1 medium
(MS supplemented with 1.96 mg/l IBA, 2.5 mg/l BAP,
30 g/l sucrose, 630 µM cefotaxime) and incubated in the
dark at 22◦C for 3 days. After co-cultivation the leaf ex-
plants were washed twice in liquid MS medium with 1 mM
cefotaxime for 10 min each. The explants were blotted and
transferred to plates with RM1 medium and incubated in
the dark at 25 ± 1◦C for 3 weeks, placed in dim light for 2
weeks and subsequently transferred to full light.

The tissues transformed with the pBI121mgfp-5-ER
construct were subcultured onto RM1 medium every 2
weeks and subjected to four different treatments. Three
days or twenty-one days after co-cultivation the tissue was
transferred to RM1 medium supplemented with or without
kanamycin (15 or 20 µM) for 4–6 weeks. The explants
with regenerating shoots from the kanamycin-free medium
were transferred to RM2 (MS supplemented with 0.1 mg/l
IBA, 1.0 mg/l BAP, 30 g/l sucrose, 630 µM cefotaxime)
medium and maintained on this medium until the shoots
were 1.5–2 cm long (4 weeks). The shoots were then
transferred to RM2 medium supplemented with 15 µM
kanamycin (70 days after co-cultivation, Table 2) and
the shoots that survived the selection were rooted and
transferred to soil in pots in the glasshouse.

Putatively transformed tissue from the transformation
with the pNOV2819 manA construct was transferred to
RM3 medium (MS supplemented with 1.96 mg/l IBA,
2.5 mg/l BAP, 15 g/l sucrose, 2.5 g/l mannose, 630 µM
cefotaxime) after 3 weeks in culture and maintained on the
selection medium for four passages (8 weeks). The shoots
were subsequently transferred to RM1 medium and main-
tained until they were ready to be rooted and transferred to
soil in the containment glasshouse.

Leaf antibiotic resistance assay method

Putative transformed leaves from shoots regenerated from
the transformations with the pBI121mgfp-5-ER construct
were tested for their susceptibility or resistance to the an-
tibiotic kanamycin. A 1 cm piece of leaf from the growing
axis was excised and cut into four pieces and placed on
plates with RM2 medium supplemented with kanamycin
ranging in concentrations from 5 to 15 µM. The plates
were incubated for seven days at 25◦C under fluorescent
light and scored for resistance/sensitivity to kanamycin.

The leaf explants that bleached were scored as sensitive
while the leaf explants that did not show bleaching were
scored as resistant.

Analysis for transgene insertion in almond

Genomic DNA was extracted from the callus and or
shoots regenerated from the transformations with the
pBI121mgfp-5-ER and pNOV2819 manA constructs using
the DNeasy Plant Mini Kit (QIAGEN) as per manufac-
turer’s instructions. The forward and reverse PCR primers
used to amplify the nptII (KanF: GAGGCTATTCGGC-
TATGACTG, KanR: ATCGGGAGCGGCGATACCGTA)
and the pmi gene fragments (PMIF: ACAGCCACTCTC-
CATTCA, PMIR: GTTTGCCATCACTTCCAG) were de-
signed using the NetPrimer (PREMIER Biosoft Interna-
tional, Palo Alto, CA). All PCR reactions used between 40
and 60 ng of genomic DNA. Aliquots of 5 µl of the PCR
products were electrophoresed on a 1.5% (w/v) agarose gel
in 0.5 × TBE (Tris Borate EDTA buffer). The gels were
stained with ethidium bromide (0.5 µg/ml) and visualised
under UV light.

For Southern analysis, 5 µg of genomic DNA from PCR-
positive shoots were digested with XhoI (transformants
containing pBI121mgfp-5-ER) or SalI (transformants
containing pNOV2819 manA) to determine the integration
of the gene of interest. Following digestion, the DNA frag-
ments were separated on a 1% (w/v) agarose gel and blotted
onto Hybond N+ nylon membrane (Amersham). A 700 bp
fragment (for nptII gene) or 514 bp fragment (for pmi gene)
were generated by PCR with labelled with [32P]-dCTP by
random priming using the DECAprime II DNA labelling
kit (Ambion) and used as probes. Hybridisation was carried
out at 65◦C in sodium phosphate buffer [0.5 M sodium
phosphate, 1 mM EDTA and 7% (w/v) SDS]. The mem-
branes were washed with 2 × SSC + 0.1% (w/v) SDS for
15 min, 1 × SSC + 0.1% (w/v) SDS for 15 min and 0.1 ×
SSC + 0.1% (w/v) SDS for 5 min at 65◦C. The membranes
were exposed to the phosphorimager for 3 days.

Rooting of shoots

Using a method very similar to that described by Ainsley
et al. (2001b), shoots were rooted by brief treatment with
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Fig. 1 A–D Plate showing
regeneration of shoots of
almond cultivar Ne plus Ultra
transformed with
pBI121mgfp-5-ER and
pNOV2819 manA constructs. A
Shoot initiation from tissue
transformed with
pBI121mgfp-5-ER construct on
RM1 [MS + IBA (1.96 mg/l)
+ BAP (2.5 mg/l)]. B Shoot
initiation from tissue
transformed with pNOV2819
manA construct on RM1 [MS
+ IBA (1.96 mg/l) + BAP
(2.5 mg/l)]. C Fluorescence due
to gfp in the tissue transformed
with pBI121mgfp-5-ER
construct. D No fluorescence
was observed in control tissue

1 mM IBA (no phloroglucinol). Shoot pre-treatment at 4◦C
was reduced from 4 weeks to either 1 or 2 weeks; water agar
was best solidified using 1.5% agar and, after overnight ex-
posure to IBA, shoots in 1/2 strength MS medium were ini-
tially kept in the dark for 2 or 3 days. Shoots with roots were
potted in a mixture of Nu-Erth Premium Potting Mix:peat
moss:vermiculite (3:1:1) and gradually acclimatised in a
glasshouse.

Results

The optimum concentration of mannose required for effi-
cient selection against control tissues was determined by
observing percent callus growth and regeneration of shoots
from inoculated leaf explants on MS medium (Table 1). As
the concentration of mannose in the medium was increased
relative to sucrose, the percentage of explants producing
callus and regenerating shoots decreased. Mannose con-
centrations above 2.5 g/l severely impacted upon callus
growth and shoot regeneration. Subsequent mannose con-
centrations in the selection medium were set at 2.5 g/l and
accompanied by 15 g/l of sucrose.

Transformation of in vitro leaf explants

The leaf explants transformed with A. tumefaciens (EHA
105) containing the pBI121mgfp-5-ER construct enlarged
and started to produce callus 4–5 days after transforma-
tion. Shoot initiation was observed after 2 weeks in culture
(Fig. 1A). Leaf explants were individually subcultured
to RM1 medium with cefotaxime every 2 weeks (4–6
weeks in total) to enable the shoots to grow. Each indi-
vidual callused leaf explant was then placed on medium
with kanamycin 3 days after co-cultivation or following
initiation of shoot buds 21 days after co-cultivation. No
shoot buds were regenerated when placed on medium
with kanamycin 3 days after co-cultivation however, a to-
tal of 28 shoot buds were regenerated on medium with
15 µM kanamycin while 10 shoot buds were regenerated
on medium with 20 µM kanamycin when selection was
delayed for 21 days (Table 2). Regenerated shoot buds
showed low vigour, stunted growth, browning of the tis-
sue and eventually stopped growing in subsequent pas-
sages on medium with kanamycin. In comparison, the
explants placed on kanamycin-free medium regenerated
large numbers of shoots and grew vigorously. Individual
shoots from each of the independent lines regenerated on
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Table 3 Effect of mannose
selection on regeneration from
almond following
transformation with
Agrobacterium strain AGL1
strain carrying the plasmid
pNOV2817manA

Leaf explants
inoculated (A)

Total shoots from all lines
surviving after mannose

selection

Independent transformed
lines PCR positive for pmi

gene (B)

Putative transformation
efficiency (B/A, %)

400 70 27 6.8

Note. Leaf explants were grown on RM3 medium

kanamycin-free medium were transferred to RM2 medium
containing cefotaxime and maintained on this medium until
the shoots were 1.5–2 cm in length. A combined total of 197
shoots from all the surviving transformed lines were regen-
erated on kanamycin-free medium (Table 2). If present,
multiple shoots per independent line were separated at
this stage and placed on RM2 medium with kanamycin
(15 µM) for selection of transformed shoots, 70 days after
co-cultivation. When transferred to medium with 15 µM
kanamycin, 48 shoots across all the lines survived selection
(Table 2). Young leaves from the putatively transformed
shoots were also subjected to an in vitro leaf antibiotic
resistance assay. The leaves from transformed shoots re-
mained green while those from control shoots bleached
showing increasing susceptibility to kanamycin (data not
shown).

The putatively transformed explants were placed under
UV light to visualise green fluorescent protein (gfp) 6 days,
2 and 6 weeks after co-cultivation. The transformed ex-
plants showed green spots under UV light (Fig. 1C) while
the non-transformed explants did not show such fluores-
cence (Fig. 1D).

The almond leaf explants transformed with A. tumefa-
ciens (AGL1) containing the pmi gene were placed initially
on RM1 medium with cefotaxime for callus initiation
and growth. Twenty-one days after transformation, the
leaf explants were transferred to RM3 medium containing
2.5 g/l of mannose and proliferating tissue was subcultured
onto the same medium every 2 weeks. Regeneration of leaf
explants with callus tissue could be observed after 3 weeks
in culture (Fig. 1B). After four passages on selection
medium, the individual explants with regenerating shoots
were transferred to RM2 medium for further proliferation
and growth. In total 70 shoots were regenerated from these
explants (Table 3).

Integration of transgenes

The PCR was used to screen all regenerated shoots from
the transformation experiment with the pBI121mgfp-5-ER
construct (Table 2). An expected nptII band of 700 bp
was amplified in the shoots and four callus lines tested
(Fig. 2A). The control tissue showed no amplification of
the product (Fig. 2A, lane 18). Overall, 23 independent
lines surviving kanamycin selection contained the expected
700 bp PCR-amplified product (Table 2). A preliminary
transformation efficiency of 5.6% was calculated as the
percentage of single independent kanamycin-positive lines
as confirmed by PCR analysis per total number of initial
inoculated leaf explants (Table 2).

In the PCR analysis of the shoots transformed with the
pmi gene, four out of five shoots amplified a 514 bp pmi
product (Fig. 2C). The control shoot did not amplify any
product (Fig. 2C, lane 7). Overall, of 70 shoots surviving
mannose selection, 27 independent lines tested positive
for the pmi gene (Table 3). A preliminary transformation
efficiency of 6.8% was calculated as the percentage of
single independent pmi positive lines confirmed by PCR
analysis per total number of original inoculated leaf
explants (Table 3).

To confirm the presence and integration of a trans-
gene into the transformants, six PCR-positive transgenic
shoots were used to confirm the insertion of the nptII
gene by Southern blot analysis. In each of the six trans-
formants, the nptII probe hybridised to DNA fragments
from XhoI digested genomic DNA. The restriction enzyme
XhoI cuts the pBI121mgfp-5-ER plasmid once within the
T-DNA (Fig. 3A). Examination of the nptII hybridisation
pattern indicated approximately one to three integration
sites of the transgene per individual line (Fig. 3B). Sim-
ilarly, for the pmi transformants, Southern blot analysis

Fig. 2 A PCR analysis of putative transformants (pBI121mgfp-
5-ER construct) for the inserted kanamycin gene. M = 100 bp
marker. Lanes 1–9, 13, 15, 16 and 17 = putatively transformed
shoots. Lanes 10–12 = putatively transformed callus lines. Lane 14

= plasmid DNA. Lane 18 = control. B PCR analysis of putative
transformants (pNOV2819 manA construct) for pmi gene. Lane M
= 100 bp marker. Lanes 1–5 = putatively transformed shoots. Lane
6 = PCR control (no DNA). Lane 7 = untransformed shoot
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Fig. 3 A and B Southern analysis of PCR-positive shoots trans-
formed with pBI121mgfp-5-ER construct. Five micrograms of ge-
nomic DNA was digested with XhoI (indicated by a line in Fig. 3A)
and probed with a 700 bp fragment for the kanamycin gene. Lanes
1–6 = transgenic shoots. Lane 7 = control. C and D Southern

analysis of PCR-positive shoots transformed with pNOV2819 manA
construct. Five micrograms of genomic DNA was digested with SalI
and probed with a 514 bp fragment (indicated by a line in Fig. 3C)
for the pmi gene. Lanes 1, 2, 4, 5 and 6 = transgenic shoots. Lane 3
= control

was used to confirm the presence of the T-DNA in five
PCR-positive lines. The restriction enzyme SalI was used
to digest genomic DNA isolated from each sample, which
is known to cut the pNOV2819 manA T-DNA once (Fig.
3C). The pmi probe hybridised to SalI digested genomic
DNA in each of the transformants tested. The analysis re-
vealed at least one to two integration events of the pmi
gene into the plant genome (Fig. 3D). The genomic DNA
from the control shoots did not hybridise with any of the
probes.

Rooting of shoots

Up to 38% of shoots had rooted after 40 days in 1/2 strength
MS medium and 6 transgenic plants were transferred to
the containment glasshouse (Fig. 4A). Following establish-
ment they were subjected to natural light and temperature
conditions (no artificial light or heating) over winter. These
plants subsequently flowered within 18 months of planting
(Fig. 4B).

Discussion

The development of systems for the successful transfor-
mation and culturing of almonds are important milestones
in the eventual routine genetic modification of the
species. Almonds in general display low transformation
efficiencies, which have limited the evaluation of different
parameters controlling shoot development, flowering and
fruit quality. Agrobacterium strain EHA105 has previously
been an effective agent for genetic transformation of
recalcitrant fruit tree species (De Bondt et al. 1994;
Mourgues et al. 1996; Pena et al. 1995). In this study, in
addition to EHA105, we found AGL1 also to be highly
effective in transforming almond.

Many plant species including almond show sensitivity
to medium supplemented with kanamycin. Alternative se-
lection strategies including ‘delayed selection’ has been
successful in obtaining transgenic plants in kanamycin-
sensitive plants including apple (Yao et al. 1995; Yepes and
Aldwinckle 1994), apricot (Machado et al. 1992) and the
almond cultivar Boa Casta (Miguel and Oliveira 1999). In

Fig. 4 A Transgenic shoots
rooted and transferred to soil in
the containment glasshouse. B
Transgenic plants flowering 18
months after transfer to soil
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our study, 15 or 20 µM kanamycin was applied at 3, 21 and
70 days after co-cultivation with Agrobacterium in leaf ex-
plants transformed with the pBI121mgfp-5-ER construct.
Delaying selection by 3 or 21 days after co-cultivation, re-
sulted in the formation of a small number of buds, which
developed into small shoots that remained stunted and did
not grow further. Kanamycin-free induction medium was
subsequently used which resulted in the formation of in-
creased numbers of putatively transformed cell clusters or
shoot initials. These shoots were allowed to grow and were
subsequently screened on kanamycin selection medium 70
days after transformation. A total of 48 of the 197 shoots
from independent lines continued to grow in the presence
of kanamycin from which 23 independent lines gave pos-
itive results using the PCR to screen for T-DNA insertion.
We were able to calculate a preliminary transformation ef-
ficiency of 5.6% based on the positive results from the PCR
screens relative to the initial number of independent leaf ex-
plants used at the beginning of the experiment. This result
was encouraging and was further supported by Southern
blot analysis on six randomly chosen kanamycin-resistant
PCR-positive shoots, which showed integration of the T-
DNA into the genomes of each of the almond shoots.

There is growing public concern about the widespread
use of antibiotic selection in plant transformation and its
perceived risk associated with both human consumption
or lateral transfer to other plants or organisms. In recent
years, there have been new developments in alternative
positive selection systems such as the use of the pmi
gene from E. coli. The classical procedure in choosing a
selection agent involves identifying concentrations, which
limit non-transgenic plants regenerating. In our study, we
found 2.5 g/l mannose supplemented with 15 g/l of sucrose
to be an effective agent to select and regenerate transgenic
almond plants using the pmi system. Combining mannose
with sucrose has also previously been shown to give posi-
tive results in other pmi transformed plants including sugar
beet, maize, rice and cassava (Joersbo et al. 1998; Lucca
et al. 2001; Negrotto et al. 2000; Zhang and Puonti-Kaerlas
2000). In the control callus and shoots, mannose selection
reduced overall tissue vigour and tissues developed a
distinctive brown colour. Interestingly, mannose selection
eliminated tissue necrosis (in both transformed and control
tissues), which is commonly observed with kanamycin
selection in almond (Lindsey and Gallois 1990). However,
5 g/l severely curtailed shoot development in the transgenic
shoots (Table 1). Overall, final transformation efficiencies
using both mannose and sucrose were calculated to
be 6.8% (Table 3) an improvement over the parallel
kanamycin-based selection protocol reported in this and
other studies (Miguel and Oliveira 1999). Our results ob-
tained using mannose selection are encouraging and show
much promise for the continued use of the mannose/pmi
transformation and selection method in almond.

Transformed shoots quantified by both PCR and South-
ern blot analysis for the presence of the T-DNA were rooted
in culture and transferred to soil. In less than 18 months, the
transgenic almond plants had flowered. This is a significant
improvement on the 5–7 years normally required for plants

to flower after propagation via traditional breeding meth-
ods. It appears that in vitro culture may have overcome
the extended vegetative phase common in almond plants
raised from seed using traditional breeding methods and
offers a promising faster route for further molecular based
genetic discovery and manipulation in almond.

In conclusion, this study demonstrated that the P. dul-
cis cv. Ne Plus Ultra can be efficiently transformed and
cultured to soil using an initial tissue culture selection
strategy based on the use of nptII/kanamycin resistance
or more favourably through the activity of the pmi gene
as a selectable marker with mannose as a selective agent.
Previous to this work, success in almond transformation
has been limited to in vitro seedlings and the generation
of a single transformed line from P. dulcis cv. Boa Casta
(Miguel and Oliveira 1999). As also observed in this study,
almonds were found to be sensitive to kanamycin and this
sensitivity is most likely the source of the reduced transfor-
mation efficiencies observed in previous studies (Ainsley
et al. 2001a; Archilleti et al. 1995; Miguel and Oliveira
1999). The switch to the positive mannose/pmi section sys-
tem has enhanced the number of transformed shoots and
renders the use of kanamycin markers in almond transfor-
mation redundant. It is reasonable to suggest that positive
selection may be the preferred option in subsequent almond
transformation experiments.
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