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Abstract Almond (Prunus dulcisMill.) leaves were .
transformed with the marker gergssA (B-glucuronidase) Introduction

andnptll (neomycin phosphotransferase II) vigrobac o ) i i
terium-mediated transformation. Bacterial strains and pfg€netic improvement of fruit tree species by classical
culture of explants affected efficiency of gene transfBFé€ding methods is a slow and difficult process due to the
evaluated by transient expression assays. Following traf9§9 generation time of these plants. This makes them ideal
formation, shoots were induced from primary explants &y9€ts for gene transfer technologies which can provide a
medium without kanamycin and exposed to selection gtge_ct route forthe_mtrodqctlon of aspecific genetic phange
days after cocultivation. From 1419 original leaves, fojfithin @ short period of time. One of the prerequisites for
shoots (A, B, C and D) were obtained that showed ampmpccess_ful plant transformation |s_the ayallablhty of a re-
cation of the predicted DNA fragments by ponmera@”erat'on protocol that is companble with the gene trans-
chain reaction (PCR). After micropropagation of thedg’ method of the target species. However, woody plants
shoots, only those cloned from shoot D gave consistert has fruit trees are recalcitrant with respect to these pro-
positive results in histochemical GUS detection and PERSSES. Transgenic plants from cultivars of species such
amplification. Southern blot hybridisation confirmed@S @pple (James et al. 1989; De Bondt et al. 1996) pear
stable transgene integration in clone D, which was alddourgues etal. 1996), apricot (Machado et al. 1992) and
negative in PCR amplification of axgrobacteriumgene. Cchestnut (Seabra and Pais 1998) have already been ob-
Additional molecular analysis suggested that the remaftin€d- In these cases, confirmation by Southern blot of

ing three shoots (A, B and C) were chimeric. transgene integration has only been reported for apple and
’ pear. Many additional economically important fruit spe-

Key words Almond -Prunus- Transformation - cies have as yet not been transformed.

Agrobacterium Adventitious regeneration In almond Prunus dulcigvill.), amajor nut crop world-

wide, regeneration of adventitious shoots either from juve-

Abbreviations BA N°-Benzyladenine 1AA Indole-3- nile or from adult t!ssues has been demonstrated (Mehra
acetic acid 1BA Indole-3-butyric acid LB Luria broth - and Mehra1974;Miguel etal. 1996). Gene transfer through
MS mediumMurashige and Skoog mediunGUS 3-Glu- Agrobactenu_mmedlated transformat_lon of leaf pieces
curonidase with production of transformed calli has also been de-
scribed (Archilletti et al. 1995). However, regeneration of
transgenic almond plants has not yet been reported.

In this paper, we present a study on transformation of
almond leaf explants Bygrobacterium tumefaciersr the
first successful recovery of transgenic almond plants.
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Murashige and Skoog (1962) medium (MS) containing 0.3 mdile GUS-expressing units was made by counting the number of blue

N®-benzyladenine (BA) and 0.01 mg/l indole-3-butyric acid (IBA$pots on the white leaf surfaces, using a stereomicroscope. Before

as previously described by Miguel et al. (1996). and after passing through a multiplication phase, putatively trans-
genic shoots were also assayed for GUS expression using the same
procedure. Control explants were also treated as described.

Bacterial strains and vectors

Agrobacteriunstrains LBA4404 (Hoekema et al. 1983) carrying thECR and Southern blot analysis

plasmid p35SGUSINT (Vancanneyt et al. 1990) and EHA105 (Hood

et al. 1993) carrying p35SGUSINT or the plasmid pFAJ3003 (IENA extraction

Bondt et al. 1996) were used as vector systems for transformation.

Plasmid pFAJ3003 contains thptll gene under the mannopine syn+or PCR analysis, DNA was isolated from two to three young leaves
thase fnag promoter, and thgusA gene driven by the nopaline syn-of kanamycin-resistant shoots and wild-type control shoots using a
thase o9 promoter and terminator sequences located near the [BTAB procedure (Doyle and Doyle 1987). For Southern blot hybrid-
border. Plasmid p35SGUSINT contains tipl gene under regula- isation, total genomic DNA was isolated from young shoots of pu-
tory control of thenospromoter and terminator, and tbasA cod- tative transformants and controls, following the method of Doyle and
ing region, containing a plant intron, linked to the cauliflower mdoyle (1987) as modified by Weising et al. (1995) with further mod-
saic virus 35 SGaMV35$ promoter, located near the left borderifications. One percent (wt/vol) polyvinylpyrrolidone was added to
Both Agrobacteriumstrains were grown on Luria broth (LB) medi-the extraction buffer and RNase A was added after precipitation
um with appropriate antibiotics (50 mg/l kanamycin and 50 mgihd resuspension of the pellet in TE buffer (1@ misHCI, 1 mv
rifampicin for LBA4404 and EHA105 carrying p35SGUSINT, andEDTA, pH 8.0). After RNase treatment, the mixture was extracted
300 mg/l streptomycin, 100 mg/l spectinomycin and 50 mg/I rifamnce with phenol/chloroform (1:1) and once in chloroform. DNA
picin for EHA105/pFAJ3003). For cocultivation, isolated coloniewas precipitated by the addition of 1/10 vol o1 3odium acetate

of bacteria were picked from selection plates and grown overnigimd 2 vol 96% EtOH, washed and finally resuspended in TE buffer.
in 10 ml of LB liquid medium at 28 until an optical density of

0.6-0.8 at 600 nm was reached. Prior to plant inoculatiopy20f

acetosyringone was added to the bacterial suspension. PCR analysis

PCR was performed in a Biometra (Uno-Thermoblock) thermocy-
Plant tissue culture and transformation cler. The primers used for amplification of a 700-bp fragment of
thenptll gene were 5GAGGCTATTCGGCTATGACTG-3and 3-
Explants used for transformation were the four youngest fully eX¥fCGGGAGCGGCGATACCGTA-3and those used for amplifica-
panded leaves of 3-week-old micropropagated shoots. The leai@s of a 366-bp fragment of tlgusA gene were SCCCGGCAA-
were wounded by making cuts perpendicular to the midrib, not reaBAACATACGGCGT-3 and 3-CCTGTAGAAACCCCAACCCGT-
ing the leaf edges, with a scalpel previously dipped in the bacte@alFor each PCR, the amount of DNA used was 15-20 ng of the ap-
suspension. Prior to wounding, some of the leaves were precultyseapriate plasmid as positive control and 75-100 ng of plant DNA.
on induction medium for a period of 3—-4 days. Cocultivation wde reaction mixture contained 0.4mNTPs, 2.5 mu MgCl,,
carried out for 3 days in darkness with the adaxial side of the lea@ebum of each primer, Taq polymerase buffer and 1 unit of Taq poly-
in contact with an induction medium consisting of MS salts and virerase. After heating the samples t6®@4or 5 min, Tag polyme-
tamins supplemented with 1.5 mg/l thidiazuron, 0.5 mg/l indole-Base was added and the reaction proceeded with 30 cycleS®©f 94
acetic acid (IAA), 0.01 mg/l 2,4-dichlorophenoxyacetic acid and sfor 1 min, 65C (nptll primers) or 60C (gusA primers) for 1 min
lidified with 2 g/l gelrite (Miguel et al. 1996). After cocultivation,and 72 C for 1 min. A final elongation step was carried out &t@2
the leaves were transferred to the same medium supplemented feittb min. PCR products were separated by electrophoresis on 1%
cefotaxime (300 mg/l), or cefotaxime (300 mg/l) and kanamycin (1@t/vol) agarose-ethidium bromide gels. To assure that amplification
or 15 mg/l) and maintained in the dark at 23220 After 20 days, of DNA fragments obtained with the above primers would not be
all leaf explants were transferred to a shoot elongation medium cfalse positives produced by contaminating agrobacteria, an addition-
taining 1 mg/l BA (Miguel et al. 1996), 200 mg/l cefotaxime andl PCR was performed using primers for the amplification of a bac-
50 mg/l kanamycin solidified with gelrite (2 g/l), under a 16-h phaerial kanamycin resistance gemp{) which is located outside the
toperiod. Shoots surviving after 3 weeks on shoot elongation metHBNA borders. The primers weré-BTCGGCTCCGTCGATAC-
um were excised from the explants and cultured on micropropa@ad-3' and 3-CGTTCCACATCATAGGTGGT-3 and the reaction
tion medium containing 30 mg/l kanamycin, solidified with 7 g/l miwas carried out using identical conditions except that the annealing
cro agar (Duchefa) for at least two subcultures. Shoots that were &tithperature of the primers was°%5.
green after this selection period were then subcultured every 3 weeks
on medium without kanamycin, and propagated. The sensitivity of
uninoculated almond leaves to kanamycin was previously tested3muthern blot analysis
adding 0, 10, 15, 20 and 50 mg/l kanamycin to the induction medi-
um. Control explants were treated as described above except thaDti& (7—9 ug) from putative transformants and control plants was
cuts were made with a sterile scalpel. At least 20 control expladigested overnight at 3T, using 10 unitgig DNA of Hindlll to
were tested per kanamycin concentration. generate an internal fragment corresponding togthsd gene, or
5 unitsfig DNA of EcoRI to generate a border T-DNA fragment. Five
micrograms of undigested DNA from transformants along with di-
Histochemical3-glucuronidase (GUS) assay gested genomic DNA samples aBdoRI and Hindlll digests of
p35SGUSINT (0.8 ng) were electrophoresed on a 0.8% (wt/vol) ag-
Leaves were assayed for expression ot gene following the arose gel and blotted onto a nylon membrane (Hybond-N+, Amers-
histochemical staining procedure described by Jefferson (1987) witim) following standard procedures (Sambrook et al. 1989). A
some modifications. The leaves were incubated overnight @ 37366-bp fragment from thgusA gene as probe was generated through
in X-Gluc dissolved in a small volume of dimethyl sulphoxide anal PCR reaction using p35SGUSINT as template and the previously
diluted to 0.4 mg/l in 100 m K,HPO, (pH 7.2) containing 0.5% described primers and parameters. The amplified DNA fragment was
(vol/vol) Triton X-100. After the overnight staining (12—14 h) chloseparated by electrophoresis in a 1% (wt/vol) agarose gel and ex-
rophyll was extracted by soaking the tissues for several hours in 7@&6ted using the QlAquick Gel Extraction Kit (Qiagen). The frag-
EtOH. 3-Glucuronidase expression was measured immediately aftegnt (50 ng) was fluorescein-labelled according to the instructions
cocultivation and 4 or 7 days after cocultivation. Quantification of Gene Images random prime labelling module (RPN 3540, Amers-
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Table 1 Expression of the
gusA gene iﬁ leaves cocultivat- Days LBA4404/p35SGUSINT EHA105/p35SGUSINT EHA105/pFAJ3003
ft

ed with LBA4404 (p35SGUS-  alter
INTV)VIOI’With EHAl(CF))B coculti- GUS+  Mean number GUS+  Mean number GUS+ Meannumber

(p35SGUSINT/pFAJ3003) vation leaves  of blue spots/ leaves  of blue spots/ leaves  of blue spots/
determined 0, 4 or 7 days after (%) leaf (%) leaf (%) leaf
cocultivation. At least ten
0 40 3.0 86 23.3 83 8.5
leaves were tested for each 4 40 55 81 117 a3 8.0

assay. NT not tested) 7 20 53 81 95 NT ©

ham). Hybridisation of filters was carried out using the Gene Imatgble 2 Influence of preculture of explants on transient GUS ex-
es CDPRStar detection module (RPN 3510, Amersham) and hybrigression assayed immediately following cocultivation of leaves with
isation signals detected by a 40 min exposure to Hyperfilm-M®robacterium tumefacienEHA105 carrying p35SGUSINT. At

(Amersham). least 14 leaves were tested for each assay

Days of GUS + leaves Mean number
Rooting and acclimatisation preculture (%) of blue spots/leaf
Three-week-old transgenic almond shoots, with 2-3 cm in length, 13 12.0
were cultured overnight in darkness af€2n a 170 mg/l IAA so- 3 86 23.3

lution, pH 5.8, solidified with 2 g/l gelrite. Shoots were then trans
ferred to MS half-strength salts and MS vitamins, supplemented with
20 g/l sucrose, pH 5.8, solidified with 2 g/l gelrite, under a 16-h pho-

:)OPEVIiOd-O?ne week ltatther't ﬁhOOtS were agai.':rfr;‘”%ferfed to the(Sﬁ*aﬁsgenic calli from transformation of leaf pieces (Archil-
asal medium except that it was solidified wi g/l micro agar (Dyx., :
chefa). When roots were at least 2 cm long, plants were transfe;ﬁ?ta' et al. 1995) and the levels of GUS expression 3 days

to a mixture of soil:vermiculite (3: 1) in pots and humidity was gra@fter cocultivation were genotype dependent but consid-
ually decreased to environmental conditions. ered satisfactory. In our work, we found EHA105 to be the

most effective strain and it was therefore used in all sub-
sequent experiments. The effectiveness of EHA105, or
EHA101 from which it derives (Hood et al. 1993), has been
Results and discussion observed for other fruit tree species (De Bondt et al. 1994;
Pefia et al. 1995; Mourgues et al. 1996). The superviru-
Effect of bacterial strain, plasmid and preculture periodence of A281 which is the parent oncogenic strain, is cor-
related withvirG and 3virB loci (Jin et al. 1987) and may
In species such as almond, where low transformation effisult from enhanced transcription of tie genes, lead-
ciencies are expected, the study of the effect of several fiag-to a more efficient transport of the T-DNA through the
tors, by comparing percentages of recovered transfornieedtterial cell wall (Van Wordragen and Dons 1992).
plants, may prove unsuccessful because limited numberdhe introduction of a preculture period of leaves prior
of transformants are produced. Therefore, as a first appriaxAgrobacteriuminfection led to an almost seven fold
imation to evaluate the influence of diverse factors on timerease in the percentage of GUS-positive explants
efficiency of T-DNA transfer, experiments were conductgdable 2). The number of gene transfer events also in-
to observe the levels of transient GUS expression in inateased. The effect of preculture of explants on transfor-
ulated leaves. It is known that results of transient GUS ewation efficiency is not clear. It has been proposed that ex-
pression, originating mainly from non-integrated T-DNAended preculture may be deleterious for transformation in
copies, may not necessarily correlate with stable transfsome species (Janssen and Gardner 1993; De Bondt et al.
mation events. However, these studies can be used 49%). However, we decided to introduce a preculture pe-
guide, and only major differences between tested paramieed in all subsequent experiments because it attenuated
ters were taken into consideration for the establishmentlod drastic decrease in regeneration capacity after coculti-
a transformation protocol in almond. vation, which in some cases dropped to zero even in the
Cocultivation with theAgrobacteriumstrain EHA105 absence of kanamycin (data not shown). Here, the precul-
resulted in a much higher percentage of GUS-positive ¢xre period is applied without further wounding the excised
plants and GUS-expressing units when compared to teaves.
LBA4404 strain carrying the same plasmid, p35SGUSINT, The results concerning gene transfer efficiencies
and the percentage of GUS-positive explants remaingden using EHA105 carrying two different plasmids,
similar from day O to day 7 after coculture (Table 1). With35SGUSINT or pFAJ3003, were not significantly differ-
both strains, most of the blue spots were located neard¢hé (Table 1); both plasmids, therefore, continued to be
cut edges, often associated with vascular bundles (Fig. Laed in further experiments. It should be noted that al-
LBA4404/p35SGUSINT was tested in our experiments bigtough theyusA gene in pFAJ3003 does not contain a plant
cause it had been successfully used for the regeneratiomwbn as in p35SGUSINT, theos promotor driving the
transgenic plants in relat€®tunusspecies (Machado et al.gene does not direct detectablesA expression irA. tu-
1992). This strain has also been used in almond to obtaiefaciengDe Bondt et al. 1996).
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Fig. 1a—g Agrobacteriumamediated transformation and plant reSelection strategy
generation in almond Staining pattern after histochemical GUS

assay on precultured leaf following cocultivation with EHA10 ; ; ;
strain par 0.8 mm).b Transformed leaf with white adventitious%hen compared to medium lacking kanamycin, where

shoot on shoot elongation medium (50 mg/l kanamycin) followinge 70 Of control leaves (untransformed explants) regener-
induction on medium containing 10 mg/l kanamydrar(1 mm). ated shoots, all treatments we tested containing this anti-
¢ Adventitious shoots obtained in identical conditions except thaiotic in increasing concentrations had dramatic effects on
induction was performed on medium lacking kanamybar{ mm).  54yentitious shoot regeneration. On medium with 50 mg/I

d Kanamycin-resistanti€ft) and sensitiver{ght) shoots after two . .

subcultur)és on selectivgnznicropropagatiorsgmgdium (30 mg/l kana‘ﬁ?—nam_yc'n’ all the explants S_howed severe necr05|s_and

ycin) (bar 3 mm).e GUS expression in transgenic shodtii@) and  died without any callus formation. At 20 mg/l kanamycin,

in wild-type controls\hite) (bar9 mm).f Detail of transgenic shoot some callus formed initially but the explants gradually

showing strong GUS expressidoaf 3 mm).g Transgenic almond tyrned brown, and no regenerated buds developed. On

plant transferred to soibr 3.6 cm) media containing 10 and 15 mg/I kanamycin, a few buds
could be regenerated (less than 15% of regenerating leaves)
but these remained small and white and did not develop
further.
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Table 3 Percentage regeneration obtained at different levels of se- 123 456MS8 910111213
lection applied during shoot induction, following transformation
with Agrobacteriunstrain EHA105, and number of surviving shoots
after one or at least two subcultures on micropropagation medium
with 30 mg/l kanamycin. Regenerated shoots, from independent
sites, were recorded for 7 weeks after inoculation

Kanamycin Regen- Total Surviving  Surviving
(mg/l) erating regen- shoots shoots
leaves/ erated after one after two
total leaf shoots subculture  subcultures
number
Fig. 2 Electrophoretic analysis of the PCR products of four puta-
P35SGUSINT tive transgenic almond shoots with primersriptll (lanes 1-§ and
0 546/1019 551 151 13 gusA (lanes 8—13genes. | size marker 1-kb DNA laddelanes 1
10 25/134 25 0 - 8 shoot A;lanes 29 shoot B;jlanes 3 10shoot C;lanes 4 11 shoot
15 4/166 7 0 - D; lanes 5 12 wild-type control plantjanes 6 13 positive control
FAJ303 p35SGUSINT plasmidwhite and black arrowheadsoint to am-
p plification of the 700-bp and 366-bp fragments of ti@il and
0 179/400 183 43 8 gusA genes, respectively
15 13/160 13 0 -

Due to the extreme sensitivity of almond control eyending on the delay period. In many cases, the exposure
plants to kanamycin, we decided not to apply selectiohthe few transformed cells to the toxic products result-
pressure until after 20 days post-cocultivation wiigro- ing from necrosis of adjacent non-transformed cells may
bacteriumor to do so at low concentrations (10 angrove lethal.

15 mg/l) immediately after cocultivation. Shoots surviv-
ing this treatment were then subjected to higher levels of
selection on shoot elongation and micropropagation niBCER analysis and GUS expression
dia (50 and 30 mg/l, respectively).
Due to the minimal amount of plant tissue needed for PCR
analysis, all the shoots obtained in the transformation ex-
Transformation periments that exhibited some level of resistance to kanam-
ycin were analysed. Of the 21 surviving shoots, only 4
As shown in Table 3, the percentage of regenerating leawtgwed amplification of the predicted 700-bp internal frag-
when kanamycin was present in the induction medium, wasnt for thenptll gene and the 366-bp fragment of the
very low. Moreover, all shoots induced under these conditsA gene (Fig. 2). No amplification was observed in
tions and exposed for 3 weeks to 50 mg/l kanamycin wild-type controls. Three of the PCR-positive shoots were
shoot elongation medium (Fig. 1b) were not able to suerived from transformation with p35SGUSINT (B-D;
vive on micropropagation medium with 30 mg/l kanamyig. 2) with the fourth (A; Fig. 2) resulting from transfor-
cin. Therefore, many explants were selected for the expeniation with pFAJ3003. For samples originating from
ments in which a kanamycin-free induction medium wasnsformation with p35SGUSINT, an additional PCR
used. In these experiments, using either p35SGUSINTcontrol was performed using primers for the bacterial ka-
pFAJ3003 as plasmid vectors, a higher regeneration nagenycin resistance gene located outside the T-DNA bor-
was obtained, as expected, but the number of shoots radelss. In this reaction, only the positive control sample
exceeded one per explant and drastically decreased gfi86SGUSINT) was amplified (data not shown), ruling out
successive transfers through selection media (Fig. 1c,tHg possibility of bacterial contamination giving false-pos-
We conclude that many of the initial shoots were indeéive results.
escapes; however, 6 weeks after applying selection presHistochemical GUS assays on small leaf portions to de-
sure, we were able to eliminate 73 or 77% of the total shotast expression of thgusA gene in these shoots, were also
that had been recovered using p35SGUSINT or pFAJ30p8rformed. One of the shoots always gave consistent GUS
respectively. After an additional 3-week period under sexpression while the others did not consistently show the
lection, a reduced number of buds (21) survived for anaharacteristic blue staining in repeated assays. The four pu-
ysis. tatively transformed almond shoots were then propagated

In species showing high kanamycin sensitivity, alternt provide enough plant material for DNA isolation and
tive selection schemes may be an easier way of recovei@wythern blot analysis. After a multiplication phase, small
transgenic shoots. Delayed selection as one of these allkoots were randomly picked and again assayed for GUS
native strategies, has proven successfulin apple (Yepesexptession. All shoots from one of the clones (D) showed
Aldwinckle 1994; Yao et al. 1995) and in apricot (Machadsirong GUS expression, while shoots from the other clones
1992). This strategy allows cell division to occur and alsmd wild-type controls did not show any blue staining
formation of transformed cell clusters or shoot initials, dé-ig. 1e). GUS expression in GUS-positive shoots was
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1 2 3 4 5 6 7 8 transformation of almond plants AgrobacteriumThese

plants were derived from the propagation of a single trans-
\ genic shoot and have remained stable for 18 months. Ad-

ditional shoots that showed amplification by PCR using

gusA andnptll primers were probably chimeric and may

- have lost the foreign gene through the multiplication pro-
23.1= cess. This chimeric status is supported by the fact that there
— pr— was no contamination by endogenous bacteria, as shown
by a PCR control, lack of sustained GUS expression and

— the absence of hybridisation in Southern analysis. The dif-
ficulty in regenerating transgenic almond shoots is prob-
6.6=— ably related to the regeneration system currently available.

Histology studies to elucidate the origin and timing of
events leading to plant regeneration and the accessibility

ha— of transforming bacteria to the regeneration-competent
cells is being investigated. This is the first report on the re-
3 covery of transgenic almond plants and the methods de-
‘ - scribed here should serve as a useful experimental basis
23— for the genetic engineering of almond for various agro-
2.0 e . nomic traits, including virus resistance.
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