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Abstract

Long breeding cycles make cultivar development a lengthy process in deciduous fruit species.
Gene transfer is, accordingly, a goal with significant commercial value. In many plant species,
especially in woody plants, a prerequisite for genetic engineering is the ability to regenerate plants from
transformed cells. Development of single cell regeneration is the first step towards exploration of gene
transfer techniques. In this investigation media for plum and apple leaf disk regeneration were
developed. Transformation experiments were performed. The vector EHA105 containing the gw -̂intron
gene was found to be effective for gene transfer. Induction of the virG genes with aceto-syringone did
not enhance transformation. Cefotaxime that was supplemented in the plum selection medium to
suppress the Agrobacterium vector seriously inhibited leaf disk regeneration. However, in apples it was
not detrimental. With further apple transformation experiments, factors such as preculturing, age of
leaves, sucrose and cefotaxime concentrations did not increase the transformation efficiency of the
marker gene.

The harpin protein, essential for the pathogenicity of Pseudomonas syringae pv. syringae which
incites bacterial canker of stone fruit, was amplified and cloned into an expression vector. The fusion
protein was purified. This will be used in future studies to elucidate the host-pathogen interaction, and
to identify antibacterial genes.

1. INTRODUCTION

Diseases of stone and pome fruit induce losses probably exceeding $ 25 million (U.S.)
annually in South Africa. The severity of the damage varies from subtle, almost undetectable
effects to rapid death of many trees in some nurseries and orchards.

Bacterial canker of stone fruit caused by Pseudomonas syringae pv. syringae appears to
be more severe in South Africa than elsewhere in the world. The reason for this is obscure, but
we suspect that a combination of several predisposing components, particularly climatic and
soil factors, favors disease expression. Most researchers regard P. syringae as a weak
pathogen that causes disease only when the host is stressed. The organism is an excellent
opportunist by virtue of its ability to colonise the foliar surface epiphytically and then to spread
through the tree. Systemic invasion is of particular concern when one considers that deciduous
fruit trees are propagated by grafting vegetative material onto rootstocks [6].

In the past, programs to control bacterial canker of stone fruit have met with mixed
success, as can be expected if the subtle nature of the disease and the excellent ability of the
pathogen to survive on the surface and inside the host are considered. Moreover, some of the
predisposing factors can not be remedied, and future control strategies will have to rely on the
selection and breeding for disease resistance.
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Locally, apple growing is the largest deciduous fruit industry. Apple cultivars vary widely
in their susceptibility to scab, powdery mildew, Phytopthora, Rosellinia, and stem canker
causing fungi. Fungal diseases can be prevented by spraying with fungicides up to fifteen times
per year. This means high costs for the grower (usually about 10 % of the non-labour costs)
and a serious burden for the environment.

The production of transgenic plants is expected to become an important tool for genetic
improvement of horticultural crops. The transformation of plants depends on two essential
requirements: the ability to stably introduce a desired gene into the plant genome, and the
ability to regenerate a fertile plant from the transformed cells.

Our objectives were the following: to develop tissue culture techniques for regenerating
single cells from deciduous fruits, to transform (Agrobacterium-mediated) deciduous fruit
cultivar tissues with marker genes, and to identify and isolate anti-bacterial gene(s).

2. MATERIALS AND METHODS

2.1. Development of regeneration and transformation techniques

2.1.1. Plant material and growing conditions

Shoots of the cultivars and rootstocks used in this study were collected from
greenhouse-grown plants. The Prunus rootstocks used were Mariana and F 12/1 (Mazzard),
and the apple rootstocks were M. 109, M. I l l and M. 7. The scions used were Prunus
salicina cv. Casselman and Mains domestica cvs. Granny Smith and Royal Gala. They were
surface-disinfected with sodium hypochlorite (2% v:v) that contained a drop of Tween 20 per
liter, dipped for 30 seconds in 70% ethanol, then thoroughly rinsed with 3 changes of sterile
distilled water, and were established on their maintenance medium.

Shoots were subcultured every 4 weeks. Proliferating cultures were maintained under
white fluorescent lights at 24°C (16-hr photoperiod).

For leaf disk regeneration studies, explants from each of the different plant sources were
excised and sliced perpendicularly to the mid-vein. They were placed horizontally with the
abaxial surface in contact with the medium. Apple explants were incubated for two weeks in
the dark at 24°C, and then transferred to a growth chamber at 24°C with dimmed fluorescent
daylight. Plum leaf disks were transferred directly to white fluorescent light, unless otherwise
described.

2.1.2. Maintenance medium

The maintenance medium for Prunus explants consisted of MS salts and vitamins [13]
supplemented with 3% sucrose, 0.29 uM gibberillic acid (GA3), 0.49 fjM indole-butyric acid
(IBA) and 2.22 JJM 6-benzyladenine (BA). The medium was solidified with 0.7% agar
(Merck), and the pH was adjusted to 5.5 before autoclaving. The maintenance medium for
apples have been described [7].
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2.1.3. Regeneration medium

For single cell regeneration, the following medium components were examined: Basal
salts and vitamins of MS and N6 [5] medium; sucrose or sorbitol; EBA or 1-naphthalene-acetic
acid (NAA); and thidiazuron (TDZ). The medium was solidified with 7 g/L agar, 2 g/L gelrite,
or 50 g/L corn starch. Medium (25 mL) was dispensed into 90 x 15 mm petri dishes. After the
explants were transferred, each petri dish was sealed with a strip of parafilm.

2.1.4. Optimisation of transformation

Four Agrobacterium tumefaciens strains were used: A281 (p35S-intron-GUS), C58
(pGV2260), EHA105 (pMTl), and LBA4404 (pAL4404). The C58 and LBA4404 strains
were provided with the binary expression vector pBI121. The binary expression vectors of
A281 and EHA105 were derived from pBIN19. Both contain the NPII gene for plant selection
and the kanamycin gene for bacterial selection, but A281, which contains the 35S-intron-GUS-
35S-3', differs from EHA105 which contains 35S-intron-GUS-OCS-3\ Furthermore, EHA105
has the pTiBo542 VirG fragment on pMTl.

The Agrobacterium strains, cultured in YEP medium (supplemented with kanamycin),
were harvested and adjusted to an OD of 0.3 at 55Onm. Each strain was suspended individually
in sterile distilled water. Leaf explants were inoculated with the bacterial strains by placing
them in the bacterial suspensions for 20 min at 22°C, and were blotted onto sterile filter paper.
They were co-cultivated on their respective co-cultivation media for two to three days before
being transferred to their selective media.

The simplified induction medium (SIM) of James and Dandekar [7] was used to induce
the VirG genes of the Agrobacterium strains which were incubated at 24°C for 5 hr before use.
In apples, preculture periods of 0, 3, 5, 7, 9 and 12 days of leaf disks on regeneration medium
before transformation were performed. The age of leaves (two, three or four weeks), sucrose
(2 or 3%) and cefotaxime (250 or 400 ug/mL) were tested to increase tranformation
efficiency.

2.1.5. Gus assays

Leaves were assayed for expression of the gws-genes following the histochemical staining
procedure of Jefferson [8]. Staining was overnight at 37°C. The number of transformed calli
on selective media were determined 3 weeks after infection by counting the blue calli. Leaves
of plants growing on selective medium were tested nine weeks after transformation.

2.1.6. Experimental design, data collection and analyses

A completely randomised block design was used for all experiments with each
experiment having two replications. A replication consisted of a petri dish containing twelve
leaf explants. Leaf disk regeneration is expressed as the percentage of leaves that regenerated
shoots. Data were recorded after 40 days of culture. Percentage data were subjected to
statistical analyses.
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2.2. Amplification, cloning and expression of the harpin encoding gene of P. syringae pv.
syringae NV

2.2.1. Amplification

A polymerase chain reaction (PCR) was performed, using genomic DNA of P. syringae
pv. syringae NV as template and primers based on the terminal sequences of the hrpZ2 gene of
P. syringae pv. syringae 61 [1]. Bio-X-Act DNA polymerase (Bioline, contains 3'-5'
proofreading activity) was used in this reaction.

2.2.2. Cloning strategy

The P. syringae pv. syringae NV PCR product was purified from a 1% agarose gel run
in TAE and cloned into the pMOSBlue vector (Amersham) according to the manufacturer's
instructions (A/T cloning strategy). The recombinant plasmid (pBNVl) was used to transform
competent E. coli JM109 cells. The transformation reaction mixture was plated out on LB-
agar containing 50 ng/mL ampicillin, 50 mg/mL X-gal and 0.1 MIPTG. Plates were incubated
for 16 hours at 37°C. Randomly chosen white colonies were picked up, resuspended in distilled
water and lysed by boiling. The crude supernatants obtained after centrifugation were
subjected to a PCR, using the same primers and conditions as for the original amplification
reaction, but using a DNA polymerase without proof reading activity. The PCR products were
run on a 1% agarose gel in TAE.

Plasmid DNA was isolated from an overnight culture (LB +100 ug/mL Amp) of E. coli
JM109 (pBNVl). This plasmid, as well as the plasmid pMAL-c2 (New England Biolabs), was
digested with £eoRl and Pstl in SuRE cut buffer H (Boehringer Mannheim) for 90 min. at
37°C. The reaction products were run on a 1% agarose gel in TAE. The linearized plasmid
from the pMAL-c2 digest and the 1 kilobase (kb) fragment from the pBNVl digest were
purified from the gel. These DNA fragments (molar insert:vector = 9:1) were ligated for 90
min. at 37°C, using the Fastlink kit (Epicentre Biotechnologies). The recominant vector
(pMNVl) was used to transform competent E. coli TB1 cells. The transformation reaction
was plated out on LB-agar containing 100 u.g/ml ampicillin. Plates were incubated for 16 hours
at 37°C. Randomly selected clones were transplanted to LB-agar plates supplemented with 100
Hg/mL Amp, X-gal and IPTG as before and grown for 16 hours at 37°C. The success of the
subcloning experiment was evaluated by plasmid isolation from overnight cultures of randomly
selected white colonies, followed by digestion with EcoR\ and Pstl as described before.

2.2.3. Expression and purification of recombinant harpinNV

E. coli TB1 (pMNVl) was grown in liquid culture (Rich Broth and 100 (ig/mL Amp) at
37°C to an OD (600nm) of 0.5. Expression of the recombinant protein was induced by
incubation of the cultures for a further 2 hours after the addition of IPTG to a final
concentration of 0.3 mM. Cells were harvested by centrifugation, resuspended in column
buffer (20 mM TrisHCl, 0.2 M NaCl, 1 mM EDTA) and incubated overnight at -20°C in the
presence of 2 mM PMSF. Cells were defrosted in cold water, sonicated in pulses of 15 s each
for 6 min at 4°C. The supernatant obtained after centrifugation of the sonication mixture
contained the soluble proteins of the recombinant bacterium, including the overexpressed
maltose binding protein (MBP)-harpinNV fusion. The fusion protein was separated from the
other soluble proteins by affinity chromatography using an amylose column. The fusion protein
was eluted from the column in column buffer with 10 mM maltose.
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In order to cleave the recombinant harpinNV from MBP, the column eluate was
incubated with factor Xa (1 ug per ug fusion protein, as determined by the Bradford method)
for 60 hours at room temperature. The recombinant harpinNV was precipitated from the
cleavage reaction by the addition of saturated ammonium sulphate to a final saturation value of
25%. The reaction mixture was incubated at 4°C for 45 min and centrifuged at 13000 x g for
30 min at 4°C. The pellet (containing only the recominant harpinNV) was dialysed against 200
volumes 10 mM MES (pH 6.3) containing 1 mM PMSF and stored at 4°C. All expression and
purification steps were evaluated on 10% SDS-PAGE, followed by Coomassie staining.

3. RESULTS

3.1. Single cell regeneration from Prunus explants

In a preliminary experiment, leaf explants were tested for shoot regeneration on N6
medium containing 5.4 uM NAA and various concentrations of TDZ (Table I). Of the two
rootstocks and one cultivar tested, "Mariana" showed regeneration.

Based on the combination of NAA and TDZ from which the highest regeneration were
obtained, IBA was substituted for NAA at equal concentration. Results from this experiment
indicated that IBA was superior for induction of plant regeneration in Mariana (data not
shown). However, no regeneration was observed for "Mazzard" or "Casselman".

In a subsequent experiment the shoot regeneration capacity of cultured leaf explants of
"Mariana" were tested on twelve recipes consisting of 2, 3, or 4% sucrose or sorbitol solidified
with gelrite or agar which were tested under three light regimes (Fig. 1). The Shapiro-Wilk test
for non-normality showed no evidence against normality (P=0.33) [14]. Therefore, no
transformation was needed.

Significant interaction was found between the recipe and light regime. Shortfall tests
were performed to test the best recipe within each light regime [16]. From these data, it was
found that N6 medium supplemented with 18.16 uM TDZ, 5 uM IBA, 2% sorbitol, and
solidified with gelrite gave the best response if grown in a light of 50 urnol m s, 16 hr
photoperiod at 24°C (Fig. 1).

TABLE I. ADVENTITIOUS SHOOT FORMATION ON LEAF EXPLANTS OF PRUNUS
ROOTSTOCK MARIANA CULTURED ON N6 MEDIUM SUPPLEMENTED WITH NAA
AND VARIOUS CONCENTRATIONS OF TDZ

TDZ
(uM)
19.8
22.7
25.6
28.4

No. of leaf
explants

183
213
217
259

Percentage
regeneration

9.29
3.28
1.84
5.41
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All media described above were used for leaf disk regeneration studies of Mazzard
cherry rootstocks and cv. Casselman Japanese plums. Although lots of calli were found, shoot
culture regeneration from leaf explants only occurred erratically (data not shown).

3.2. Single cell regeneration from apple leaf explants

Initially, published recipes were tested. Higher numbers of plants developed on media
supplemented with TDZ, and the higher the concentration, the more distorted the plants
appeared. The leaves of plants from the BA-containing medium were larger and fewer.
Therefore, in the case of Royal Gala, a MS-based medium supplemented with 3 mg/L TDZ
was found to be optimal for leaf disk regeneration (data not shown).

The effect of the gelling agent and the carbohydrate source was investigated to improve
leaf disk regeneration. Table II shows the best leaf disk regeneration responses obtained with 2
cultivars and 3 rootstocks tested on nine different media. For example, on medium 6 all the
Royal Gala explants regenerated, and the highest numbers of shoots were found. The
regeneration of M.7 was poor and plants developed after 3 months only.

3.3. Transformation

Medium 4 (Fig. 1) was used in co-cultivation and selection studies of Mariana leaf
explants. Cefotaxime (400 ug/L) was added to the medium to contain Agrobacterium growth.
This seriously inhibited leaf disk regeneration.
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FIG. 1. Effect of several media (recipes) on the shoot regeneration from leaf disks. The number of
leaves responding are expressed as percentages. Recipes were prepared as follows: supplemented
with sucrose (1-3 and 7-9) or sorbitol (4-6 and 10-12) at 2% (1, 4, 7, and 10), 3% (2, 5, 8 and 11) or
4% (3, 6, 9 and 12). Media 1-6 were solidified with gelrite, and 7-12 with agar.
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TABLE II. LEAF DISK REGENERATION STUDIES OF APPLE CULTIVARS AND
ROOTSTOCKS. ONLY THE BEST RESPONSES ARE SHOWN

Plant

Granny Smith
M.7
M.I 09
M.l l l
Royal Gala

Medium*

3
4
4
7
6

% Leaf
regeneration

44
33
77
59
100

Plants/leaf
mean
1.37

1
7.85
2.93

20.58

* Media 1-3, 4-6 and 7-9 were solidified with agar, cornstarch or gelrite respectively, and
contained sucrose (1, 4 and 7), glucose (2, 5 and 8) or sorbitol (3, 6 and 9)

3.3.1. Choice of Agrobacterium vector, and induction of VirGgene

To optimize gene transfer in deciduous fruit crops, we have investigated the effect of
aceto-syringone on strain virulence of four Agrobacterium vectors. Transformation was
influenced by the different Agrobacterium strains. Of the range of vectors tested, strain C58
gave higher frequency of transformation for most of the host plants, and strain A281 was
unsuitable for transforming the plants studied. The presence of aceto-syringone in SIM before
inoculating and co-cultivating the Agrobacterium vectors did not enhance the efficiency of
transfer of the GUS genes. Stable expression of GUS was highest in apples.

The vectors showed differences in GUS expression (Fig. 2). Two of the vectors (A281
and EHA105) can only be expressed in transformed plants. By quantifying the blue pigments,
EHA105 gave the best results.
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FIG. 2. Percentages of leaves showing gus expression Assays for stable expression was performed 3
weeks after inoculation. Agrobacterial strains labelled with SIM were incubated in the simplified
induction medium containing aceto-syringone to induce the virulence genes [7].
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3.3.2. Optimisation of transformation

Transgenic plants showing gus activity were obtained from 2-, 3- and 4-week old plants at a
rate of 1 out of 400 leaves which were inoculated with EHA105. This translates to a
transformation efficiency of 0.4%.

3.4. Amplification, cloning and expression of the harpin encoding gene of P. syringae. pv.
syringae NV

A single PCR product, similar in size (1 kb) to the hrpZl gene, was amplified from the
genome of P. syringae. pv. syringae. This 1 kb band was successfully amplified from selected
E. coli JM109 (pBNVl) clones, indicating that the PCR product was successfully cloned. The
1 kb fragment was also obtained with EcoRJJPstl digestion of DNA from selected E. coli TB1
(pMNVl) clones, indicating that the subcloning experiment was successful. Using Rainbow
Molecular Weight Markers (Amersham), the size of the purified recombinant harpinNV was
estimated at 37 kDa. This correlated well with the size of the P. syringae pv. syringae 61
harpin (34.7 kDa, as determined by mass spectrometry).

4. DISCUSSION

Long breeding cycles make cultivar development a lengthy process in deciduous fruit
species. Gene transfer is, accordingly, a goal with significant commercial value. In many plant
species, especially in woody plants, the ability to regenerate plants from transformed cells is
essential for genetic engineering. Development of a regeneration protocol is, therefore, a first
step towards exploration of gene transfer techniques.

In most plants, Agrobacterium-me&dXed transformation of leaf discs followed by direct
plant regeneration with minimal callus formation is the most common procedure. In Prunus
spp. plant regeneration from hypocotyl slices [12], cotyledons [10] and embryos [15] of
Prunus has been reported. These tissues are available only at certain times of the year, and
moreover, the commercial cultivar desirability is lost, seriously limiting their usefulness for
transformation. Only caulogenesis was reported from Prunus leaf disks [4].

We developed a medium which allows 80% shoot regeneration from plum leaf explants.
To our knowledge, this is the first report of shoot regeneration from plum leaf disks. The
dominant transportable sugar in Prunus spp. which is sorbitol [3] increased the percentage leaf
explant regeneration on medium 4 in full light as illustrated in Fig. 1. However, if the light
intensities were changed, this medium gave poor results. Furthermore, no pattern was
established for the type of solidifying agent used, nor percentage of sugar included. Therefore,
no generalisations can be made for future experiments.

The antibacterial genes will be used in gene transfer studies. However, additional genes
need to be identified and isolated. Screening plant extracts for antibacterial activity has
identified many potentially useful compounds, but it has seldom led to identification of the
associated plant genes. Focusing on plant molecular signals during early stages of infection has
been more successful; many research groups are targeting host genes involved in pathogen
recognition/signal transduction of inducible defence products, such as phytoalexins,
pathogenesis-related proteins, and structural proteins [9]. Several examples exist for applying
this strategy against fungal pathogens, including Rhizoctonia solani [2]. The harpin protein
which is essential for pathogenicity of the bacterial canker pathogen is a prime candidate for
such studies.
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Recent advances have led to the identification, and subsequent gene cloning, of several
peptides with antibacterial properties in arthropods and some mammalian species. These
peptides work independently, or in concert, to kill a range of important Gram-positive and -
negative bacteria. Their activities vary, but several appear suitable against plant pathogens.

In general, three broad categories of antimicrobial properties exist: insect immune
proteins, animal defence proteins; and lysozymes, followed by examples of natural or synthetic
antibacterial genes that have been cloned, modified, and introduced for expression in plants.

The vigour of apple cultivars in vitro was severely decreased due to the presence of
firestop, an antibiotic, which was routinely used to eliminate bacterial contamination in the
mother cultures. Novobiocin was found to be superior as an antibiotic treatment. We also
found an increase in plant growth as a result of this antibiotic (data not shown). Increase [11]
and decrease [18] in plant growth as a result of treatment with antibiotics has been described.
The increase in plant growth could be due either to a direct physiological effect of the
antibiotic, or to inhibition of contaminants in the plant tissue cultures.

After the quality of the mother material was improved, leaf disk regeneration
experiments were optimised for "Royal Gala" (Table 2). This supports the results obtained in
other studies that Royal Gala is highly regenerative [17]. Leaf disk regeneration for apples will
have to be investigated further, because optimal media remain to be developed for each cultivar
and rootstock.

In this study, formation of adventitious shoots on leaf disks occurred with or without an
intermediate callus stage depending on the genotype. The main factors affecting
morphogenesis were TDZ concentration, the vigour of and presence of bacteria in mother
plant material. The regeneration capacity increased substantially after shoot tip cultures were
routinely grown on medium containing novobiocin. It is critical for leaf disk regeneration
studies that mother plant material should grow vigorously.

The transformation efficiency was influenced by the use of different Agrobacterium
strains. Of the range of vectors tested, the strain C58 showed higher frequency of gus
expression. These results are misleading, because this vector carries the gus gene only, and it
is not possible to distinguish between gus expression by the bacteria or the plant. Strain A281
is not suitable for transforming the plants studied. The Agrobacterium vector EHA105 gave
the best results in gene transfer studies. Transgenic plum and apple calli were obtained (Fig. 2).
Transgenic Royal Gala plants were found at a rate of 1 plant per 400 leaves treated.

The presence of aceto-syringone in SIM before inoculating and co-cultivating
Agrobacterium vectors with the different leaf explants, preculturing of leaf disks, age of leaf
explants, sucrose and cefotaxime concentrations die not did not influence the transfer of gus
genes. The transformation efficiency in all combinations was 0.5%.

We shall continue our investigations to optimize conditions for increasing the single cell
regeneration of apple and plum cultivars and rootstocks, and to increase transformation
efficiency in these plants.
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