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ABSTRACT

The plant family Rosaceae consists of over 100 genera and 3,000 species that include many important fruit, nut, ornamental, and lumber
crops. Members of this family provide high-value nutritional foods and contribute desirable aesthetic and industrial products. A complete
annotated genome sequence is expected momentarily for apple, and in the near future for peach and strawberry. These sequences will
accelerate the next wave of research exploring and comparing the form and function of the many genomes that define the striking
differences in morphology and physiology among the Rosaceae, e.g., a herbaceous plant vs. a tree, or a fleshy rather than a dehiscent fruit.
Among the many dividends of this research will be the development of superior products for consumers, a better understanding of the
genetic elements that contribute to horticultural traits of interest, and an enhanced vision of Rosaceae evolution. It will also answer some
of the fundamental questions of plant biology, particularly around the regulation of plant architecture, which may be best answered by
species within this family. This review serves as a synopsis of the genetic engineering resources available to study the function and
production of new Rosaceae varieties of benefit to the consumer.
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Abbreviations: ACC, 1-aminocyclopropane carboxylic acid; ACO; 1-aminocyclopropane carboxylic acid oxidase; ACS, 1-aminocyclo-
propane-1-carboxylic acid synthase; 2,4-D, 2,4-dichlorophenoxy acetic acid; DIPM, DspE Interacting Protein of Malus; Dpo,
Depolymerase; 5-FC, 5-fluorocytosine; 5-FU, cytotoxic 5-fluorouracil; BA, N6 benzylaminopurine; BSAA, 3-benzo[b]selenienyl acetic
acid; CP, coat protein; CaMV, Cauliflower mosaic virus; Carb, Carbenicillin; Cef, Cefotaxim; GE, genetic engineering or genetically
engineered; Gen, Geneticin; HIPM, harpin Ng, Interacting Protein of Malus; Hyg, hygromycin; IAA, indol-3-acetic acid; IBA, indol-3-
butyric acid; Kan, kanamycin; LBAM, Lightbrown apple moth; MCP, 1-methylcyclopropene; MS, Murashige and Skoog; NAA, 1-
naphthalene acetic acid; NPR1, Nonexpressor of PR; mptll, Neomycin Phosphotransferase; "OSF", Okanagan Specialty Fruits; PGR,
plant growth regulator; pmi, Phosphomannose isomerase; PPO, Polyphenoloxidase; Ppt, PPV, Plum pox virus; Phosphinothricin; PTGS,
PostTranscriptional Gene Silencing; sam-k, S-adenosylmethionine hydrolase; SAR, systemic acquired resistance; S6PDH, Sorbitol 6
phospahte dehydrogenase genes; TIB, temporary immersion bioreactor; Tic, Ticarcilin; TDZ, thidiazuron
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INTRODUCTION

Rosaceae constitutes the third most economically important
family in temperate regions (Dirlewanger ef al. 2004). The
economic importance of rosaceous crops derives from the
pleasurable eating quality, varied tastes, and the health
benefits they provide. Fruit is important to the human diet
as a major source of numerous photochemicals, such as fla-
vonoids and other phenolic compounds. Numerous other
phenolic compounds belonging to distinct chemical classes,
many of which have also been shown to be potential anti-
oxidants and anticancer agents (Eichholzer et al. 2001;
Schieber et al. 2001), have also been isolated from rosa-
ceous fruits (Macheix et al. 1991). In vitro and in vivo stu-

dies with animal models provide evidence that fruit and leaf
extracts from many Rosaceae inhibit various forms of can-
cer or have pronounced antioxidant action (Yau et al. 2002).

For the past century, efforts in agricultural research
have centered on increasing crop production. However,
conventional breeding of temperate fruit trees is constrained
by their long reproductive cycle with long juvenile periods,
complex reproductive biology and high degree of heterozy-
gosity. Advances over the past decade in genomics and bio-
informatics of Rosaceae have provided new options to iden-
tify useful compounds, resistance genes and the genes res-
ponsible for their development. Therefore, there was great
excitement and expectation when the first reports of genetic
transformation of Rosaceae were made (James et al 1989;
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Graham et al. 1990; Mante et al. 1991, Firoozabady et al.
1994; El Mansouri et al. 1996; Mourgues et al. 1996). Sud-
denly it seemed possible that existing varieties with desi-
rably altered characters could be produced within a shorter
timeframe than by conventional breeding. Since these first
reports, several members of the Rosaceae family have been
transformed, with various efficiencies of transformation. In
this review, we will synthesize the procedures of transfor-
mation and the application of this powerful tool for each
member of the Rosaceae family, and we will compare the
similarities and differences in the various transformation
systems of Rosaceae species. In conclusion, we will pro-
pose one or two members of the Rosaceae family as trans-
lational genomics models.

PLANT REGENERATION AND TRANSFORMATION

Development of an effective system for gene transfer in the
different Rosaceae species depends largely on the availa-
bility of tissue culture techniques that permit regeneration
of shoots, selection of transformants, and propagation of
transgenic plants. Increasing leaf regeneration efficiency is
critical for the development of a transformation system in
the Rosaceae family using an Agrobacterium tumefaciens
vector or by biolistic process. In many instances, the lack of
efficient regeneration systems is the major limiting factor
preventing the development of gene transfer technologies
for perennial crops (Dandekar 1992). In the next paragraphs
we will synthesize the regeneration and transformation sys-
tems for each Rosaceae species and identify the application
of the gene transfer technology in each species.

Fragaria
1. Regeneration and transformation

The first report of in vitro regeneration and genetic transfor-
mation systems for the cultivated strawberry, Fragaria X
ananassa, by Nehra et al. (1990a, 1990b) and James et al.
(1990), has opened up the opportunity for strawberry im-
provement through genetic engineering. Several later
reports revealed critical factors affecting the frequency of
regeneration in strawberry. These include plant growth
regulators (PGRs), incubation conditions, explants source,
antibiotic, and mode of infections (Table 1). This modifica-
tion has been decribed in the reviews of Folta and Dhingra
(2006) and Qin et al. (2008).

Genetic lines: Fragaria X ananassa ‘Red Coat’ (Nehra et
al. 1990 a/b) and ‘Rapella’ (James et al. 1990) were the first
strawberry cultivars to be transformed with efficiencies be-
tween 0.95 and 6.5% on a per explant basis. The genus Fra-
garia is comprised of over 20 species, representing many
levels of ploidy (Folta and Dhingra 2006). The diploid spe-
cies offer an opportunity for rapid forward genetic dis-
covery, gene function studies, and reverse genetic analysis
(Oosumi et al. 2006). Studies have been centered on deve-
lopment of transgenic procedures for various diploid (17)
and octoploid (24) accessions (Table 1). However, the ef-
ficiency of transformation and regeneration capacity is
highly dependent on the genetic background (Landi and
Mezzeti 2006; Oosumi et al. 2006). This observation is con-
sistent with the fact that octoploid strawberry accessions are
very variable from genotype to genotype, and transforma-
tion and regeneration ability is as varied as the wide varia-
tion in morphology, photoperiod sensitivity and fruit quality.

Nature of explants: Although genotype alone is an impor-
tant variable in the regeneration capacity, the specific tissue
chosen for regeneration is also an important consideration.
Passey et al. (2003) observed that almost an entire plant can
be used to generate shoots. In accordance with this finding,
many strawberry cultivars have been successfully regene-
rated from many tissues, including leaves (Nehra et al.
1990b; Barcelo et al. 1998; Passey et al. 2003; Folta et al.

20006), stipules (Passey et al. 2003), petioles (Mezzetti et al.
2004), roots (Passey et al. 2003), unfertilized ovaries (Pas-
sey et al. 2003), and stems (Graham et al. 1995). For seve-
ral Fragaria X ananassa genotypes, efficient regeneration
procedures have been developed by using different types of
somatic tissues (Liu and Sanford 1988; Rugini and Orlando
1992; Passey et al. 2003), although most of the studies rel-
ied almost entirely on leaf disks for transformation (Table
1). Recent studies have identified and optimized high-fre-
quency adventitious shoot regeneration from petioles (Folta
et al. 2006).

Plant growth regulators: The regeneration medium that
has generally produced the greatest shoot regeneration was
the Murashige and Skoog (MS) medium (1962) supplemen-
ted with 2-3% of sucrose in most of the procedures except
for the report of Schaart ef al. (2002) where glucose was
used with standard vitamin complements. The major dif-
ference from procedure to procedure is in the combination
and concentration of phytohormones (auxin and cytokinin)
used to induce callus and adventitious shoots.

The cytokinin used in most of the Fragaria regenera-
tion and transformation procedures is N6 benzylamino-
purine (BA) at different concentrations (Table 1). In a few
reports, the ability of thidiazuron (TDZ) to induce high
shoot regeneration efficiency, in woody plant tissues in par-
ticular, has also been reported (Huettman and Preece 1993;
Zhao et al. 2004; Folta et al. 2006a). The type and concen-
tration of auxin is more variable between procedures (Table
1). For the regeneration of the diploids, indol-3-butyric acid
(IBA) was used almost exclusively, whereas IBA, 2,4-
dichlorophenoxy acetic acid (2,4-D), indole-3-acetic acid
(IAA), and 1-naphthalene acetic acid (NAA) have been
used in octoploid shoot regeneration (Table 1). Among the
auxins, 3-benzo[b]selenienyl acetic acid (BSAA) is a new
highly active molecule that has already been tested in some
crops where it has shown to be highly effective for the
induction of somatic embryogenesis. Although it has not yet
been tested for its capability to control organogenesis in
woody plants, Landi and Mezzeti (2006) have shown that
BSAA promotes the highest number of shoots by explants.

Antibiotics: During the process of transformation, Agro-
bacterium tumefaciens tends to colonize the explants. To
limit the development of this bacterium, explant tissues are
commonly regenerated on a medium containing an antibio-
tic. Alsheikh et al. (2002) have carefully studied the effect
of increasing concentrations of three antibiotics: Carbenicil-
lin (Carb), Cefotaxim (Cef) and Cefoxitin. From this report,
Carb had the least impact on regeneration, followed by
Cefoxitin and Cef, and petioles were more sensitive to anti-
biotic toxicity than leaves. High concentrations of Cef, 100
to 200 mg/L, reduced the regeneration of shoots (Alsheikh
et al. 2002; Hanhineva and Karenlampi 2007), and at 500
mg/L, caused severe necrosis and death of the leaf tissue
(Hanhineva and Karenlampi 2007). Augmentin, Claforan,
Mefoxin, and Tic (Timentin, Tic) were also used to reduce
the growth of A. tumefaciens in some cultivars (Table 1).

Inoculation procedure and Agrobacterium strain: Many
strawberry cultivars were transformed with several different
genes, but most of the procedures relied on Agrobacterium
mediated transformation, and are quite similar (Table 1).
Due to the fact that all genotypes do not respond similarly
to the same procedure of transformation, some modifica-
tions have been reported. The most common strain of Agro-
bacterium used in 50% of the transformation protocols is
LBA4404. Apart from this strain of A. tumefaciens, other
strains such as EHA105, EHA101, AGLO, GV3101,
CBE31, MP90 and C58C1 were used. After wounding the
explants, they are immersed in the 4. tumefaciens inocula.
This co-cultivation varies between 15 min (Nehra et al.
1990b) and 24h (Owens e? al. 2002), and it is followed by a
period of darkness on selective media for 2 days to 2 weeks.

Aside from Agrobacterium-mediated transformation,
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Table 1 Fragaria variety transformed genetically.

Cultivars Explants PGRs used for Antibiotics Inoculation procedure Agrobacterium  Selectable marker Efficiency of References
used regeneration, strains transformation
nutrients
Stable transformation
Fragaria vesca
1) semperflorens Leafdiscs IBA, BA Carb 500 mg/l then Immersion 20 min in LBA4404 Kan 10 increasing  15% Alsheikh et al.
and petiole 250 mg/L Agrobacterium inoculum to 25 mg/L 2002
Leaf BA, IBA Carb 500 mg/L -Immersion 20 min in LBA4404 Kan 25 mg/L 7.7% El Mansouri ef
then 250 mg/L Agrobacterium inoculum al. 1996
2) Alpina W. Original Leaf and BA, 2,4D Cefotaxime 100 Immersion 20-30 minin ~ LBA4404 Kan 50 mg/L Mezzetti et al.
petiole mg/L Agrobacterium inoculum 2004
3) Alpine Leaf and BA, NAA Mefoxin 250 mg/L  Immersion 20 min in LBA4404 Kan 50 mg/L then nd Haymes and
petiole Agrobacterium inoculum 25 mg/L Davis 1998
TDZ, IBA Carb 100 mg/L Immersion 30 min in EHA105 Kan 50 mg/L 64-68% Zhao et al.
Cefoxitin 100 mg/L  Agrobacterium inoculum 2004
Alpine Leaf IBA, BA Carb 500 mg/L Immersion 20 min in GV3101 Hygromycin 4 0-100% Oossumi et al.
4) P1 551552 ssp. bracteata Agrobacterium inoculum mg/L 2006
5) PI 551572 Hawaii-4
6) P1 551782
7) P1 551791
8) PI 551792 ssp. vesca
9) PI 551833
10) PI 551834 ssp. vesca f.
semperflorens, cv. Reugen
11) P1 551890 ssp. vesca
12) P1 551892
13) P1 602578 ssp. vesca f.
alba
14) P1 602923 ssp. vesca,
cv. Alexandria o
15) P1 602924 ssp. vesca
16) P1 602931
17) P1 616513
Fragaria ananassa
1) AN93.231.53 Leaf, BA, 2,4D Cefotaxime 100 Immersion 20-30 min in ~ LBA4404 Kan 50 mg/L Mezzetti et al.
petiole mg/L Agrobacterium inoculum 2004
2) Amther Leaf 2,4D, BAP Augmentin 375 Immersion 20 min in LBA4404 Kan 50 mg nd Park et al. 2006
mg/L Agrobacterium inoculum
3) Calypso Leaf TDZ, NAA Claforan 2.5 g/L Leaf immersed in EHA101 Kan 50 mg/L nd Vaughan et al.
Agrobacterium inoculum 2006
2,4D, INATDZ Cefotaxime 250 Leaf cut and floating in AGLO Kan 50 mg/L Lunkenbein et
mg/L inoculum for 15-30 min. al. 2006a
4) Chambly Leaf BA,IBA,GA nd 2-3 mm explants GV3101 Kan 50 then 450 nd Houde et al.
immersed 90 min in mg/L 2004
Agrobacterium inoculum
5) Chandler Leaf disks  IBA, BA Carb 500 mg/I Immersion 20 min in LBA4404 Kan 25 mg/L 4.2% Barcelo et al.
Agrobacterium inoculum 1998; Jimenez-
Bermudez et
al. 2002
Leaf IBA, BA Cefotaxime 250 Bombardment of leaf 20.7% Cordero de
mg/L with Agrobacterium Mesa et al.
coated into gold particle 2000
6) Elista Leaf IBA, BA Carb 200 mg/L Immersion 90 min in LBA4404 Kan 25 mg/L 8-9.5% Gruchala et al.
Agrobacterium inoculum 2004
7) Firework Leaf TDZ, IBA Cefotaxime 250 Immersion 30 min in CBE31 Kan 50 mg/L 11% Schestibratov
mg/L Agrobacterium inoculum and Dolgov
2005
8) Gariguette Young 2,4D,INATDZ Cefotaxime 250 Leaf cut and floating in AGLO Kan 50-75 mg/L nd Schaart et al..
folded leaf Glucose mg/L inoculum for 15-30 min. 2002
9) Hecker Leaf and TDZ, IBA Carb 100 mg/L Immersion 30 min in EHA105 Kan 50 mg/L 10.4% Zhao et al.
petiole Cefoxitin 100 mg/L  Agrobacterium inoculum 2004
10) Honeoye Leaf 2,4D, BA Ticarcillin 250 Immersion 24 h in LBA4404 Kan 250 mg/L Owens et al.
mg/L Agrobacterium inoculum 2002
11) Induka Leaf IBA, BA Carb 200 mg/L Immersion 90 min in LBA4404 Kan 30 mg/L 4.2% Gruchala et al.
lamina Agrobacterium inoculum 2004
12) Jonsok Leaf TDZ, IBA Cefotaxime Immersion 30 min in LBA4404 Hygromycin 10-15  38% Hanhineva and
Agrobacterium inoculum mg/l Karenlampi
and transfer leaf onto 2007
temporary immersion
bioreactor
13) Joliette Stipule IBA, BAP, Carb 500 mg/L Immersion 30 min in LBA4404 Kan 50 mg/L 0.2% Chalavi and
GA;, Agrobacterium inoculum Tabaeizadeh
2003
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Cultivars Explants PGRs used for Antibiotics Inoculation procedure Agrobacterium  Selectable marker Efficiency of References
used regeneration, strains transformation
nutrients
Stable transformation
Fragaria vesca
14) Kaster Leaf IBA, BA, GA;, Carb 500 mg/L Leaf dipped in LBA4404 Kan 50 mg/L nd Wawrzynczak
Agrobacterium inoculum et al. 2003,
2005
15) La Sans Rivale Leaf and TDZ, IBA Carb 100 mg/L Immersion 30 min in EHAI105 Kan 50 mg/L 7.4% Zhao et al.
petiole Cefoxitin 100 mg/L  Agrobacterium inoculum 2004
16) LF9 Petioland  TDZ, 2,4D, BA Timentin 200 mg/L  Immersion 60 min in nd Kan 2.5-12.5 mg/L  100% Folta et al.
segment Agrobacterium inoculum 2006a
17) Melody Stem Immersion Graham et al.
1995
18) Pajaro Leaf disks  BA, 2,4D Cefotaxime 500 Immersion 15 min in LBA4404 Kan 25 mg/L 0.5-6.6% Ricardo et al.
mg/L Agrobacterium inoculum 2003
Vellicee et al.
2003, 2006
19) Polka Young 2,4D, INATDZ Cefotaxime 250 Leaf cut and floating in AGLO Kan 50-75 mg/L nd Schaart et al..
folded leaf mg/L inoculum for 15-30 min. 2002
20) Red Coat Leaf disks  BA, INA Carb 500 mg/L Leaf wounded and MP90 Kan 50 mg/L 6.5% Nehra et al.
Cefotaxime 500 incubated 15 min in 1990
mg/L Agrobacterium inoculum
21) Rapella Leaf and BA, 2,4D Cefotaxime 100 Immersion 20-30 min in ~ LBA4404 Kan 50 mg/L 0.95% James et al.
petiole mg/L Agrobacterium inoculum 1990
22) Selekta Stem TDZ, NAA Cefotaxime 100 Leaf wounded and C58Cl1 Kan 50 mg/L 10% du Plessis and
mg/L incubated 20 min in Brand 1997
Agrobacterium inoculum
23) Symphony Stem NAA Immersion Graham et al.
1995
24) Toyanaka Anthers BA, NAA none Bombardment Phosphinothricin 14-17% Wang et al.
10 mg/L 2004
Transient expression
1) Chandler Fruit and none Bombardment Agius et al.
leaf 2003
2) Elsanta Fruit none Agroinfiltration withan ~ AGLO Spolaore et al.
hypodermic syringe 2001;
Hoffmann et al.
2006
3) Line 77101 Protoplasts NAA, TDZ none Electroporation in Hygromycin 10 Nyman and
protoplasts mg/l Wallin 1992

other inoculation procedures have been described, such as
protoplast electroporation (Nyman and Wallin 1992). The
authors reported only a transient expression of the reporter
gene gus in the cell transformed, but no regeneration of
transformed lines from the transformed protoplast. Transi-
ent expression was also reported in strawberry tissues after
bombardment of leaves (Aigus ef al. 2003) or by agroinfil-
tration of fruit with a hypodermic syringe (Spolaore et al.
2001; Hoffmann et al. 2006). Stable transformation was
also achieved via particle bombardment (de Mesa et al.
2000; Wang et al. 2004).

Selectable marker: Regeneration of transgenic plants is
dependent upon efficient incorporation of the transgenes

and the ability to grow in the presence of the selection agent.

In most cases, Kanamycin (Kan) has been reported as the
selection agent. Hygromycin (Hyg) (Nyman and Wallin
1992; Mathews et al. 1995a; Oosumi et al. 2006), geneticin
(Gen) (Mathews et al. 1995a) and phosphinothricin (Ppt)
(Wang er al. 2004) were also used as a selection agent.
Strawberry explants seem to have a different sensitivity to
Kan. Indeed, Owens et al. (2002) used 250 mg/L Kan to
select transgenic plants from the octoploid strawberry
‘Honeoye’. However, several reports indicated also that
strawberry tissue maintains a high sensitivity to this anti-
biotic when its concentration is increased (E1 Mansouri et al.
1996; Haymes and Davis 1998; Alsheikh ef al. 2002; Folta
et al. 2006). Based on this sensitivity, selection has been
generally performed with lower concentrations of Kan after
co-cultivation, followed by an increased concentration in

subsequent subculture (Mathews ef al. 1995a; Alsheikh et al.
2002; Folta et al. 2006). The lower concentration of anti-
biotic permits a rapid growth of callus and early shoot ini-
tiation, whereas the eventual higher concentration elimi-
nates non-transgenic shoots from survival. Increasing the
concentration of Kan from 40 to 120 mg/L during subcul-
ture, compared to the use of a constant concentration of Kan
limits the phenomenon of transgenic/non-transgenic chi-
meras (Mathews et al. 1998). For the cultivar, ‘Chambly’
Houde et al. (2004) recommended more extreme para-
meters, where the concentration of Kan starts at 50 through
450 mg/L. The opposite approach has been also reported;
with Haymes and Davis (1998) initiating the regeneration
with a high concentration of Kan, and after several weeks
decreased the concentration of Kan to 25 mg/L.

Effective production of marker-free transgenic straw-
berry plants was reported using a plant-adapted inducible R
recombinase gene and a bifunctional, positive/negative sel-
ectable marker to reduce the appearance of chimeras due to
incomplete DNA excision (Schaart et al. 2004). The posi-
tive selection was provided by the neomycin phosphotrans-
ferase gene (mptll), whereas the negative selectable marker
was the codA4, a conditionally lethal dominant gene en-
coding an enzyme that converts the non-toxic 5-fluorocyto-
sine (5-FC) to cytotoxic S5-fluorouracil (5-FU). With this
procedure, 22 to 62% of the strawberry plants regenerated
were markerless, depending on the timing of applying the
negative selection (Schaart et al. 2004). However, a down-
side to these procedures is that in some lines the selectable
marker is not excised and is still present in the plant
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Hanhineva and Karenlampi (2007)

Transformation efficiency: 1-100%

Fig. 1 Representation of the strawberry (Fragaria vesca, F. X ananassa) transformation procedure.

genome (Schaart et al. 2004; Kondart et al. 2006).

Transformation efficiency: Transformation efficiency is
typically described as the percentage of explants that pro-
duce a transgenic shoot. Earlier methods of transformation
reported an efficiency of transformation of 0.2 to 20%
(Table 1). After improvement in the procedure, the rate of
transformation can be as great as 100% (Folta et al. 2006;
Oosumi et al. 2006).

Other modifications: Hanhineva and Karenlampi (2007)
used the technique of temporary immersion bioreactor
(TIB) as a part of regeneration process after Agrobacterium-
mediated transformation of strawberry (Fig. 1). In TIB, the
liquid medium is applied in intervals to the plant material
which is located in a separate compartment from the
medium. The advantages of TIB have been well docu-
mented, and benefits have been shown both for reducing
workload and thus the cost, and for better plant perfor-
mance by allowing direct contact of the medium throughout
the plant material, and by renewing the culture environment
after each immersion (Etienne and Berthouly 2002).

The different procedures for stable transformation of
strawberry (Agrobacterium-mediated transformation and
bombardment) are summarized in Fig. 1.

2. Application of transformation procedures for straw-
berry improvement

The first report of transformed strawberry plants in 1990
raised expectations for new strawberry cultivars that would
be better tasting, healthier and easier to grow. More recently
the focus has moved on to functional testing with traits of
potential commercial interest. Although many different
traits have now been been introduced successfully into Fra-
garia (Table 2), no transformed cultivars have yet made it

to commercial production. Most early reports on trans-
formed strawberry described ‘proof of concept’ experiments.
For gene activation, in many cases researchers relied on the
well characterized constitutively expressing 35S promoter
from cauliflower mosaic virus (CaMV 35S). Some attempts
have been made to find and use other promoters (Table 2).
Although not mentioned specifically in conjunction with a
target gene, promoters linked with targeted expression pat-
terns have been identified: 4tSUC2, which has a restricted
activity in the phloem (Zhao et al. 2004), a promoter of
Fragaria faRB7, shown to be specifically induced near the
root (Vaughan et al. 2006), and some other promoters, from
Fragaria as well as from other crops that present a fruit
specific activity (Schaart et al. 2002; Rosin et al. 2003;
Agius et al. 2005).

Strawberry is an economically important crop but dis-
plays only a short postharvest shelf life due to its rapid sof-
tening. In addition to breeding, genetic engineering (GE)
constitutes a suitable new tool for improvements to the fruit.
The genetic transformations of the cultivated strawberry
(Fragaria X ananassa Duch.) and wild strawberry (F.
vesca) have already been reported (Tables 1, 2). Although
they are considered to be relatively amenable to transforma-
tion using Agrobacterium, transformation frequencies are
greatly influenced by the cultivar and the procedure used.
The technique is being used successfully to genetically en-
gineer broad spectrum fungal resistance through the use of
chitinase and thaumatin II gene (Chalaci and Tabaeizadeth
2003; Schestibratov and Dolgov 2005; Vellice et al. 2006),
soft rot resistance (Mehli et al. 2004), freezing tolerance
(Owens et al. 2002; Houde et al. 2004), salt tolerance
(Wang et al. 2004), dwarfing (Wawrzynczal et al. 2003,
2005), and the manipulation of fruit softening, aroma, and
ripening (Table 2). The traits related to the ripening and
production of strawberry were the most studied and we will
describe some of the applications of GE to improve straw-



berry ripening.

Fruit softening is a complex process that involves three
sequential steps: loosening of the cell wall mediated by
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Table 2 Traits expressed in transformed Fragaria.

expansins, depolymerization of hemicelluloses, and finally

polyuronide depolymerization by polygalacturonase or
other hydrolytic enzymes. Isolation of a pectate lyase gene

Trait Cultivars Gene introduced Gene origin Promoter Principal results Reference
Fungal resistance
Gray mold F ananassa cv  Thaumatin 11 Nd CaMV35S  Transgenic lines tested for their resistance to gray mold showed a Schestibratov and
Firework significant higher level of resistance compared to the control. Dolgov 2005
Botrytis F ananassa cv  Chitinase ch5B Phaseolus CaMV35S  Two transgenic lines showed a high level of resistance to gray mold disease. Vellicce ez al. 2006
cinerea Pajaro vulgaris
F vesca Pectin methyl FE ananassa CaMV35S  In the ripe transgenic fruit the degree and pattern of methyl esterification as ~ Osorio et al. 2008
esterase PaPE] well as the average size of pectin polymer differs. This reduced
esterification induced constituvely pathogen defence response in the
transgenic lines, resulting in higher resistance to B. cinerea.
Verticillium F ananassa Chitinase pcht28 ~ Tomato CaMV35S  Significantly increased resistance to V. dahlia. Chalavi and
dahliae cv Joliette Tabaeizadeh 2003
Insect resistance
Otiorhynchus  F. ananassa Cowpea trypsin Field results for two years confirmed glasshouse finding and demonstrate Graham et al. 1997,
sulcatus F. cv Melody, inhibitor (CpTi) protection in terms of attack by vine weevil larvae on all the transgenic 2002
(vine weevil)  Symphony lines. The CpTi has no significant effect on other non-target arthropods.
Herbicide resistance
F ananassa CP4.EPSP Agrobacterium ~ CaMV35S  50% of the transgenic lines showed a significant increase of resistance to Morgan et al. 2002
cv Camarosa FMV.34S glyphosate in the field.
Ripening, fruit production
Ripening F. ananassa CHS (RNai) Fragaria CaMV35S  Level of anthocyanins was down regulated and precursors of the flavonoid ~ Hoffmann et a/ 2006
cv Elsanta pathway were shunted to the phenylpropanoid pathway.
F ananassa cv CHS (antisense) Fragaria CaMV35S  40% of the transgenic lines showed a reduced activity of CHS. As aresult, ~ Lunkenbein et al.
Calypso the level of anthocyanins, flavonols, and proanthocyanidins were down 2006a
regulated and precursors of the flavonoid pathway were shunted to the
phenylpropanoid pathways.
UDP-glucose: Fragaria CaMV35S  Transgenic lines showed that the FaGT2 gene is only involved in the Lunkenbein et al.
cinnamate formation of cinnamoyl glucose and p-coumaroyl glucose during ripening. 2006b
glucosyl-
transferase
(FaGT2)
F ananassa cv  Glycosyltransfera  Fragaria CaMV35S  Silencing of the FaGtI gene induced a reduction of the concentration of Griesser et al. 2008
Elsanta se hairpin anthocyanin pigments in ripe strawberry fruits. In contrast, an increase in
(FaGtl) epiafzelechin can be observed in these lines.
Aroma F ananassacv ~ O-methyl- Fragaria CaMV35S  FaOMT sequence in sense and antisense orientation induced a near total Lunkenbein et al.
Calypso transferase loss of the volatile compound 2,5-dimethyl-4-methoxy-3(2H)-furanone, 2006¢
FaOMT (sense whereas the levels of the other volatiles remained unchanged.
and antisense) Repression of FaAOMT also affected the ratio of feruloyl 1-O-B-D-glucose
and caffeoyl-O--B-D-glucose.
Fruit F ananassa DefH9-iaam Snapdragon and nd Transgenic plants showed an increased number of flowers per inflorescence  Mezzetti er al. 2004
production selection Pseudomonas and an increased number of inflorescences per plant. Resulting in an
and fecundity AN93.231.53 syringae pv increased number of fruits per plant and of their weight and size. Yield
Fvesca cv savastanoi increased by 180% for Fananassa and 140% for F vesca.
Alpina W.
Original
Fruit F. ananassa Pectate lyase Fragaria CaMV35S  Most of the transgenic lines at the stage of full ripening display significantly ~Jimenez-Bermudez et
softening cv Chandler (antisense) firmer tissue than the control. However, no differences in color, size, shape  al. 2002
and weight were observed.
Jam medium prepared with transgenic strawberries showed a significant Sesmero et al. 2007
reduction in pectate lyase expression, and are similar in firmness but
slightly less viscous than control. The texture and content of whole berries
increased in the transgenic jam.
Wall extracts of the transgenic lines showed a reduction in pectin solubility =~ Santiago-Domenech
and decreased depolymerization of more tightly bound polyuronides. et al. 2008
F ananassa Endo-B-(1- Fragaria CaMV35S  Although the ce/l was down regulated in the transgenic plants, no Woolley et al. 2001
cv Calypso 4)glucanases appreciable effect of this gene activity on fruit firmness was observed.
Cell (antisense)
Cel?2 (antisense)
Endo-B-(1- Fragaria FBP7 Cell gene is not the major determinant of fruit softening. Ce/2 might play a  Palomer ef al. 2006
4)glucanases pivotal role on fruit development prior to ripening.
Cell (antisense)
Cel?2 (antisense)
Cell/cel2
(antisense)
Cell F ananassa FaGAST Fragaria CaMV35S  Expression of FaGAST in transgenic strawberry, grown under field de la Fuente ez al.
elongation cv Chandler conditions, caused delayed growth of the plant and fruits with reduced size. 2006
during Transgenic plants also exhibited late flowering and low sensitivity to
ripening exogenous gibberellin.
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Trait Cultivars Gene introduced Gene origin Promoter Principal results Reference
Environmental stress resistance
Freezing F ananassa CFBI Cherry CaMV35S  Leaves of transgenic lines were more tolerant to freezing temperatures (-8/ -  Owens et al. 2002
tolerance cv Honeoye 10°C) compared to the control (-6°C).
F. ananassa Acedic dehydrin ‘Wheat Overexpression of this gene had no apparent deleterious effect on the Houde ef al. 2004
cv Chambly WCOR410 growth and development of the transgenic plants under both non-acclimated
and cold-acclimated conditions. Freezing tests showed an improvement of
5°C in the cold-acclimated transgenic strawberry leaves.
Salt tolerance . ananassa Late Barley Actl The transgenic lines showed an increased tolerance to salt (50 and 100 mM) Wang et al. 2004
cv Toyonaka embryogenesis and the development of damaged symptoms (wilting) caused by salts stress
abundant (Lea3) was delayed.
F ananassa osmotin CaMV35S  The transgenic lines shaowed an increased of tolerance to salt stress. These ~ Husaini and Abdin
cv Chandler transgenic plants revealed enhanced levels of proline, total soluble protein 2008
and chlorophyll content compared to the wild plants.
Rooting ability / Dwarfism to rootstock
F ananassa iaglu Maize CaMV35S  Transgenic lines were dwarfish, their leaf laminas smaller, leaf petioles Wawrzynczak et al.
cv Kaster shorter and the crown diameter smaller compared to control. Shoots of all 2003, 2005
transgenic lines formed more roots.
Modified metabolism
Sugar F ananassa ADP-glucose Fragaria Ascorbate  Transgenic fruit showed a decrease in starch and soluble sugar content by Park et al. 2006
composition cv Anther pyrophosphorylas peroxydase 27-47% and 16-37% respectively as compared to the control.
e (antisense)
Promoter
F. ananassa Cauliflower CaMV35S  CaMV35s promoter is highly expressed in transgenic strawberry pollen. Cordero et al. 2004
cv Chandler mosaic virus
Gene FE ananassa Luciferase Fragaria GalUR GalUR promoter has an activity restricted to the fruit and is strictly Agius et al. 2005
expressed in  cv Chandler dependent on light.
fruit specific ~ F ananassa Cauliflower CaMV35S  FBP7 promoter leads Gus activity in floral and fruit tissues of all Schaart et al. 2004
tissues cv Gariguette mosaic virus Floral developmental stages tested but not in leaf, petiole and root tissue.
and Polka Petunia binding
protein 7
(FBP7)
Gene F ananassa Arabidopsis Sucrose H+ AtSUC2 promoter has an activity restricted to the phloem of leaves, petioles Zhao et al. 2004
expressed in Hecker and La thaliana symporter  and roots in the three strawberry cultivars transformed.
phloem Sans Rivale (AtSUC2)
specific F vesca cv
tissues Alpine
Gene F. ananassa Fragaria FaRB7 FaRB7 promoter has a strong constitutive near root-specific activity. Vaughan ez al. 2006
expressed in  cv Calypso
root specific
tissues
F ananassa Fragaria FaEG1 Transient expression of these two promoters in fruit showed different Spolaore ef al. 2003
cv Chandler FaEG3 behaviors in the two endo-B-(1-4)glucanases promoters.
F. ananassa Fragaria STAGI STAG!I promoter shown to be active during the floral development Rosin et al. 2003
cv Calypso (stamens, base of the receptacles, petals, central pith and vascular tissue)

and ripening stage (achenes, pith cells and cortical cells).

Selectable marker

Excision by FE ananassa Cre-lox system

recombination cv Calypso

Intracellular F ananassa Bombardment of the living nitrogen-fixing bacteria
symbiosis cv Fertodi Azotobacter vinelandii.

Antibiotic resistance marker gene free transgenic calypso strawberry lines

Presence of the symbiotic nitrogen-fixing bacteria in the transformed

Schaart et al. 2004

have been produced with an efficiency of 22%.

Preiringer et al. 2003

strawberry lines after regeneration.

from ripe strawberry has been proposed as a new candidate
for pectin degradation, contributing to the loss of fruit firm-
ness. The reduction of the steady-state levels of pectate
lyase mRNA, by antisense technology, resulted in a great
increase in firmness of fully ripe fruit and reduced posthar-
vest softening, without affecting other fruit characteristics
such as weight, color, or soluble solids (Jimenez-Bermudez
et al. 2002). The evaluation of the effect of these trans-
formed lines on the texture of frozen and thawed fruits and
the jam obtained from them was recently done by Sesmoro
et al. (2007). Two independent transgenic lines showing a
reduction in pectate lyase mRNA transcript level of 90 and
99% have been grown in the greenhouse. At harvest time,
ripened fruits from these two lines were significantly firmer
than the control (Sesmoro et al. 2007). Control and trans-
formed fruits were processed into jam. It appeared that
transformed fruit resisted the cooking process better than
the control, as reflected by the higher weight of berries in
these jams (Sesmoro et al. 2007). The silencing of pectate
lyase gene in strawberry fruit improves several quality para-

meters in jam. However, the effect of pectin modification in
these transformed fruits on nutritional and sensory attributes
need to be analyzed. These studies can be viewed from
commercial and consumer points of view but they also con-
tribute highly to our understanding of the ripening pro-
cesses in strawberry. Some work is still needed before com-
mercial applications can be realized. Others do not have
such an evident potential for application, but merit mention
as they contribute to basic knowledge. Salentijn ef a/ (2003)
studied differential expression of genes involved in fruit
firmness. Lunkenbein et al. (2006a, 2006b, 2006¢c) were
able to demonstrate the role of several genes (CHS, O-
methyltransferase, and UDP-glucose:cinnamate glucosyl-
transferase) in the ripening of strawberry (Table 2).

The downregulation of an individual gene by Agrobac-
terium-mediated genetic transformation has provided some
clues to its function in specific ripening pathways (Jimenez-
Bermudez et al. 2002; Lunkenbein et al. 2006b; Palomer et
al. 2006). However, these traditional ways of studying the
functions of various genes, especially ripening related genes
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in strawberry, are time consuming, and can take at least 15
months from the transformation experiment until the first
ripe fruits are available for analyses (Hoffmann ez al. 2006).
Spolaore et al. (2001) have shown strawberry, apple, and
peach fruit to be amenable to transient gene expression me-
diated by Agrobacterium using the B-glucuronidase (GUS)
reporter gene interrupted by an intron. This system, com-
bined with a biolistic transient transformation protocol, has
also been used for the functional analysis of homologous
and heterologous promoters in strawberry fruits (Agius et al.
2005). Using a similar technique based on injection with a
syringe into the receptacles of growing fruit, an inoculum of
Agrobactrerium carrying a T-DNA expressing an RNAi
CHS construct, Hoffmann ez al. (2006) were able to show a
reduction in mRNA levels and enzymatic activity of the
CHS gene. The use of this technique in combination with
metabolite profiling analysis will be useful in future for
studying the function of unknown genes during the deve-
lopment and ripening of strawberry fruit.

Malus
1. Regeneration and transformation

Development of an effective system for gene transfer in
apple depends largely on the availability of tissue culture
techniques that permit efficient regeneration of shoots,
selection of transformants, and propagation of transgenic
plants. Increasing leaf regeneration efficiency is critical for
the development of a transformation system in apple using
an A. tumefaciens vector (Klee and Rogers 1989) or by a
biolistic process.

The first report of in vitro regeneration of adventitious
shoots from apple was made by Liu et al. (1983a, 1983b)
using apple seedlings. Several later reports (Barbeieri and
Morini 1987; Welander 1988; Fasolo et al. 1989; Sriskan-
darajah et al. 1990; Swart et al. 1990; Korban et al. 1992;
James ef al. 1994) revealed critical factors affecting the fre-
quency of leaf regeneration in apple scion cultivars, root-
stocks, and seed explants. They include nitrogen source and
concentration, PGRs, incubation conditions, leaf origin, leaf
maturity and position on the stem, mode of excision and ex-
plants orientation.

Genetic lines: Malus X domestica cv ‘Greensleeves’ (James
et al. 1989) was the first apple cultivar to be transformed,
initially with an efficiency of 0.1-0.5% on a per explant
basis. The genus Malus is comprised of over 40 species.
Studies have been centered on development of transgenic
procedures for different M. X domestica cultivars (30) and
rootstocks (7), M. prunifolia (2) and one M. robusta cultivar
(Table 3). However, the efficiency of transformation and
regeneration capacity is highly dependent on the genetic
background (De Bondt ef al. 1994; Norelli et al. 1996).

Nature of explants: In a large majority of the procedures
published, young expanded apple leaves were used as ex-
plants (Table 3). The regeneration of transgenic lines from
leaves has been enhanced by placing the leaf segment
abaxial side up on the medium, possibly due to increased
oxygen exchange since stomata are located abaxially (Yepes
and Aldwinckle 1994). Sriskandarajah and Goodwin (1998)
reported that conditioning of apple shoots for several days
in an appropriate liquid medium enhances the regenerative
capacity of leaf explants by reducing the need for an ex-
tended callus phase. Hovewer, this conditioning process for
explants has not been subsequently reported in transforma-
tion protocols. Other procedures reported use of internodal
(Liu et al. 1998, 2001), shoot (Pawlicki-Jullian et al. 2002)
and stem explants (Yamashita et al. 2004), and protoplasts
(Hyung et al. 1995; Ratnasiri et al. 2002). The regeneration
of plants from protoplasts is a lengthy process compared
with standard tissue transformation. Therefore, the transfor-
mation of protoplasts is unlikely to be a source of new
transgenic plant material, but the system, if perfected,

would be useful as a high-throughput approach for transient
assay of gene function or protein targeting.

Plant growth regulators: The regeneration medium that
has generally produced the greatest shoot regeneration is
the MS medium (1962) supplemented with 2-3% sucrose or
sorbitol, and standard vitamin complements. The major dif-
ference from procedure to procedure is in the combination
and concentration of phytohormones (auxin and cytokinin)
used to induce callus and adventitious shoots.

The predominant form of cytokinin used in most of the
Malus regeneration and transformation procedures is TDZ
at different concentrations (Table 3). In a few reports, the
use of BA was also reported (Table 3). The type and con-
centration of auxin is quite variable between procedures
(Table 3). For the regeneration of Malus NAA was used in
most of the regeneration protocols, although IBA, and IAA
have been used in the regeneration of a few cultivars (Table
3).

Antibiotics: During the process of transformation, 4. tume-
faciens tends to colonize the explants. To limit the develop-
ment of this bacterium, explant tissues are commonly rege-
nerated on media containing an antibiotic. Three antibiotics
have been used at different concentrations to control the
proliferation of A. tumefaciens in apple: Carb, Cef and Tic
Cef has been the antibiotic most commonly used in apple
with a range of concentrations from 200 to 500 mg/L, fol-
lowed by Tic and Carb (Table 3). Other antibiotics used in-
clude Claforan (Kotoda et al. 2006) and Cefoxitin (Liu et al.
1998).

Inoculation procedure and Agrobacterium strain: While
many apple cultivars were transformed with different genes,
most of the procedures (95%) relied on Agrobacterium
mediated transformation gene transfer, and are quite similar
(Table 3, Fig. 2), the remaining 5% of the transformation
procedures used A. rhizogenes for the T-DNA integration
(Pawlicki-Jullian et al. 2002; Yamashita et al. 2004). Due to
the fact that all genotypes do not respond similarly to the
same procedure of transformation, some modifications have
been reported. The most common strain of Agrobacterium,
used in half of the transformation protocols, was EHA105
or 101. Other strains used included LBA4404, AGLO,
C58Cl1, CBE21, and GV3101.

Two inoculation procedures have been used. The first
consists of wounding the leaves with a scalpel soaked in the
inoculum (Wilson and James 2003). The second is to bathe
pre-wounded leaves in the inoculum for a few minutes (De
Bondt et al. 1994; Norelli et al. 1994) to several hours
(Mooney and Goodwin 1998). Other modes of inoculation
have been tested but did not significantly increase the rate
of transformation. For example, sonication of the leaf ex-
plants in the presence of inoculum has been reported to in-
crease transformation of the apple cultivar ‘Holsteiner’ but
not of ‘Elstar’ (Szankowski et al. 2001). Vacuum infiltration
of ‘Royal Gala’ leaves was reported to have no effect on
transformation (Norelli ez al. 1996).

Selectable marker: Regeneration of transgenic plants de-
pends upon efficient incorporation of the transgenes and the
ability to grow in the presence of the selection agent. In
most cases (90%) Kan resistance was used as selectable
marker. Concentration of Kan used for the regeneration of
transgenic apple depended on the cultivar. Two other
antibiotics have been used as selection agents: Hyg (Dolgov
et al. 2000, 2004) and Ppt (Szankowski et al. 2003). Ex-
plants from different apple cultivars seem to have different
sensitivities to Kan. Indeed, depending upon the cultivar,
the optimal concentration of Kan to use for selection varied
from 25 to 100 mg/L.

Based on the sensitivity of apple cultivars, selection has
been performed for some apple cultivars with a low concen-
tration of Kan after co-cultivation, followed by an increase
in concentration in subsequent subcultures (Welander ez al.
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Cultivars Explants  Hormones used for  Antibiotic Inoculation procedure Agrobacterium  Selectable Efficiency of References
used regeneration, strains marker transformation
nutrients and sugar
Malus X domestica
1) Ariane Leaf TDZ, IBA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 100 mg/L 2% Faize et al. 2003,
MS with sucrose 350 mg/L traumatic forceps and immersed 5 min in 2004
inoculums.
2) Braeburn  Leaf IBA, TDZ, 2iP, GA;  Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L 1.2% DeBondt et al.
MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994, 1996
Protoplast Protoplast transformation was viaa PEG ~ none none 0-7.4% GFP Ratnasiri et al.
mediated protocol. protoplast 2002
transformant
3) Delicious  Leaf BAP Cefotaxime Leaf cut transversaly into strips (2-3 mm) C58C1/pGV38 Kan 100 mg/L  1-2% Mooney and
Red MS with sucrose 500 mg/L and transferred to inoculum for 36 h. 50 Goodwin 1988
Delicious NAA, IAATDZ Cefotaxime Leaf explants shaken for 20 min 75 rpm  nd Kan 100 1-2% Sriskandarajah et
MS with sucrose 200 mg/L in the inoculum at 35°C. mg/L al. 1994, 1998
TDZ, BA,NAA, IBA Cefotaxime Leaf cut 3 times perpendicularly to the EHA101 Kan 50 mg/L Cell transformed ~ Maximova et al.
MS with sucrose for 400 mg/L midrib and shaken in inoculum. No plants 1998
1* regeneration regenerated
media and with
sorbitol for the 2™
regeneration medium
4) Elstar Leaf IBA, TDZ, 2iP, GA;  Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L 1.2% DeBondt et al.
MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994, 1996
NAA, TDZ Cefotaxime Leaf immersed in inoculum for 4-6 min. ~ AGLO Kan 50 mg/L 0.4-0.8% Schaart et al.
MS with sorbitol 250 mg/L 1995; Puite and
Schaart 1996
TDZ, NAA Ticarcillin Leaf gently shaken in inoculum for 10 EHA105 Phosphonothric  0.17% Szankowski et al.
MS with sorbitol 150 mg/L min. in 1 then 10 2003
mg/L
5) Falstaff Leaf IBA, TDZ, BAP 2iP,  Cefotaxime Leaf discs immersed 20-30 min in LBA4044 Kan 7.5% Wilson and
GA; 200 mg/L inoculum. 3.5% James 1998
MS with sorbitol
6) Florina Leaf BA, NAA Cefotaxime Leaf explants dipped in inoculum for 5 C58Cl Kan 100 mg/lL  7.9% Radchuck and
MS with sucrose 300 mg/L min. Korkhovoy 2005
7) Fuji Leaf IBA, TDZ, 2iP, GA;  Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L 1.2% DeBondt et al.
MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994, 1996
TDZ, NAA Carbe Leaf wounded. LBA4404 Kan 25 mg/L 1.1% Murata et al.
MS with sucrose 250 mg/L then 50 mg/L 2001
TDZ, IBA Cefotaxime Nd LBA4404 Kan 100 mg/L  1.4-6.5% Seong et al. 2005
MS with sorbitol 250 mg/L
Protoplast Protoplast electroporation. none none nd Hyung et al. 1995
8) Gala Leaf IBA, TDZ, BAP 2iP,  Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L 1.2% DeBondt et al.
Galaxy Gay 400 mg/L midrib and shaken 1 min in inoculum. 1994, 1996
Royal Gala MS with sorbitol
TDZ, IBA Cefotaxime Leaf wounded by crushing with non EHAI105 Kan 50 mg/L 5-20% Norelli et al.
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in 1999; Ko et al.
sucrose inoculum. 2000
NAA, TDZ Cefotaxime Leaf immersed in inoculum for 4-6 min AGLO Kan 50 mg/L 0.7-0.9% Schaart et al.
MS with sorbitol 250 mg/L Leaf cut and floating in inoculum for 15- 0.7-8.7% 1995; Puite and
30 min. Schaart 1996
BAP, NAA, IBA, Cefotaxime Leaf cut transversally into strips (2-3 LBA4404 Kan 50 mg/L 0.4-4.6% Yao et al. 1995
TDZ mm) and transferred to inoculum for 5
MS with sucrose min.
TDZ, IBA Cefotaxime Leaf wounded by crushing with non- EHAI105 Kan 100 mg/L  1-1.4% Faize et al. 2003,
MS with sucrose 350 mg/ traumatic forceps and immersed 5 min in 2004
inoculum.
Internodal TDZ, NAA Carbe Internodal explant from etiolated in vitro  EHA105 Kan 100 mg/L  1.7% Liu et al. 1998,
explants N6 with sucrose 100 mg/L shoot was dipped in inoculum. 2001
Cefoxitin
100 mg/L
9) Golden Leaf NAA, TDZ Cefotaxime Leaf immersed in inoculum for 4-6 min AGLO Kan 50 mg/L 0.2-6% Schaart et al.
Delicious MS with sorbitol 250 mg/L Leaf cut and floating in inoculum for 15- 1.6% 1995
30 min. Puite and Schaart
1996
Cefotaxime Leaf cut 3 times perpendicularly to the EHAI101 Kan 50 mg/L Cell transformed ~ Maximova ef al.
400 g/L midrib and shaken in inoculum. No plants 1998
regenerated
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Cultivars Explants  Hormones used for  Antibiotic Inoculation procedure Agrobacterium  Selectable Efficiency of References
used regeneration, strains marker transformation
nutrients and sugar
Malus X domestica
10) Green-  Leaf BA, NAA Cefotaxime Leaf discs immersed 20-30 min in LBA4404 Kan 25 mg/L 0.1-0.5% James et al. 1989,
sleeves MS with sorbitol 200 mg/L inoculum. C58Cl/ 1993
and sucrose pGV385
Cefotaxime Leaf cut 3 times perpendicularly to the EHAI101 Kan 50 mg/L Cell transformed ~ Maximova et al.
400 g/L midrib and shaken in inoculum. No plants 1998
regenerated
BAP, NAA, TDZ Cefotaxime Leaf disc immerged 20-30 min in EH101 Kan 25 mg/L nd Gittins et al.
MS with sorbitol 200 mg/L inoculum. 2000, 2001, 2003
and sucrose
11) Hols- Leaf TDZ, IBA Ticarcillin Leaf gently shaken in inoculum for 10 EHA105 Phosphonothric  0.5-2.68% Szankowski et al.
teiner cox MS with sorbitol 150 mg/L min. in 1 then 10 2003
mg/L
12) Jona- Leaf IBA, TDZ, 2iP, Gas Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L nd DeBondt et al.
gold MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994
BAP, NAA, zeatin Cefotaxime Leaf strips of 3-4 mm were immersed for EH101 Kan 50 mg/L nd Viss et al. 2003
MS with sorbitol 300 g/L 10-15 min in inoculum.
13) Jona- Leaf IBA, TDZ, 2iP, Gas Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L nd DeBondt ez al.
gold king MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994
14)
Jonagored
15) Liberty ~ Leaf TDZ, NAA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 100 mg/L  0.03-0.4% Hanke ef al. 2000
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in
sucrose inoculum.
16) Mcln- Leaf TDZ, NAA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 50 mg/L 5-20% Norelli et al.
tosh N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in 1996
Wijcik sucrose inoculum.
IBA, TDZ, BAP 2iP,  Cefotaxime Leaf discs immersed 20-30 min in LBA4044 Kan 3.5% Wilson and
Gas 200 mg/L inoculum. James 1998
MS with sorbitol
NAA, TDZ Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 25 mg/L 2.6-3.1% Bolar et al. 1999
N6 with sucrose 350 mg/L traumatic forceps and immersed 5 min in
inoculum.
17) Melba NAA, TIBA Cefotaxime Leaf pieces 1cm long immersed in CBE21 Kan 35 then 50  13.3% Dolgov et al.
MS sucrose 500 mg/L inoculum. mg/L 2000
18) Merlijn ~ Leaf IBA, TDZ, 2iP, Gas Ticarcillin Leaf cut 3 times perpendicularly to the EH101 Kan 50 mg/L nd DeBondt ef al.
MS with sucrose 400 mg/L midrib and shaken 1 min in inoculum. 1994
19) Orin Leaf TDZ, NAA Carbe Leaf wounded. LBA4044 Kan 25 then 50 0.1% Murata et al.
MS with sucrose 250 mg/L mg/L 2000
TDZ, NAA Cefotaxime Leaf wounded. LBA4004 Kan 50 mg/ 0.5% Kanamaru et al.
MS sucrose 500 mg/L 2004
TDZ, NAA Clofaran Leaf immersed in inoculun for 30min. EHA101 Kan 25 mg/L 0.25% Kotoda et al.
MS with sucrose 500 mg/L 2006
20) Pink Leaf NAA, TDZ Cefotaxime Leaf explants shaken for 20 min 75 rpm  nd Kan 100 1-2% Sriskandarajah
Lady MS with sucrose and 200 mg/L in inoculum at 35C. mg/L and Goodwin
glucose 1998
21) Pinova  Leaf BAP, NAA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 100 mg/L  0.03-0.4% Hanke et al. 2000
22) Pilot N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in
23) Pirol sucrose inoculum.
24) Pingo
25) Pi-AU
56-83
26) Queen Leaf NAA, TDZ Cefotaxime Leaf scored transversely 3-8 times with EHAI101 Kan 50 then 75 0.5-2.2% Wilson and
Cox DKW with sorbitol 200 mg/L scapel dipped in inoculum. mg/L James 2003
27) Remo Leaf BAP, NAA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 100 mg/L  0.03-0.4% Hanke et al. 2000
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in
sucrose inoculum.
30) Reka Leaf BAP, NAA Cefotaxime Leaf wounded by crushing with non- EHA105 Kan 100 mg/L  0.03-0.4% Hanke et al. 2000
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in
sucrose inoculum.
Rootstocks
1)A2 Leaf NAA, TDZ Cefotaxime Leaf gently crushed by forceps and GV31101 Kan 50 mg/L 0.33% Zhu et al. 2001a
MS with sucrose 500 mg/L incubated in the inoculum for 20 min.
2) JET-H Leaf TDZ, IAA Leaf immersed in inoculum for 15 min. LBA4404 Kan 50 mg/L nd Sule et al. 2002
N6 with sucrose
3) Jork 9 Leaf NAA, TDZ Cefotaxime Leaf wounded with a scalpel and gently EHA101 Kan 50 mg/L 6.5% Sedira et al.
MS with sorbitol 500 mg/L shaken in inoculum for 20 min. C58Cl1 3.3% 2001, 2005
Shoot TDZ, NAA Cefotaxime Base of 5 week old in vitro shoots were A. rhizogenes  Kan 50 mg/L nd Pawlicki-Jullian
MS with sorbitol 500 mg/L dipped in inoculum. C58C1 et al. 2002
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Table 3 (Cont.)

Cultivars Explants  Hormones used for  Antibiotic Inoculation procedure Agrobacterium  Selectable Efficiency of References
used regeneration, strains marker transformation
nutrients and sugar
Rootstocks
4)yM.7 Leaf BAP, NAA Cefotaxime Leaf wounded by crushing with non- EHAI105 Kan 50 mg/L 5-20% Norelli et al.
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in 1996
sucrose inoculum.
5)M.26 Leaf BAP, NAA Cefotaxime Leaf wounded by crushing with non LBA4404 Kan 50 mg/L 15-80% Norelli et al.
N6 + MS with 350 mg/L traumatic forceps and immersed 5 min in 1994
sucrose inoculum.. Aldwinckle pers.
comm.
Leaf BA, NAA Cefotaxime Leaf wounded with a scalpel and gently C58C1 Kan 25 then 50  2.5-7.1% Welander et al.
MS with sucrose 500 mg/L shaken in inoculum for 5 min. mg/L 1998
Leaf TDZ, NAA Cefotaxime Leaf wounded and infected with GV3101 Kan 50 mg/L 0.9-3.9% Holefors et al.
MS with sucrose 250 mg/L inoculum. 1998, 2000
6) M9/29 Leaf NAA, TDZ Cefotaxime Leaf wounded and infected with C58C1 Kan 50 mg/L 0.02% Zhu et al. 2001b
MS with sorbitol 250 mg/L inoculum. EHA 101 0.06%
7) N545 Leaf TDZ, NAA, IBA Cefotaxime Leaf pieces of 1cm immersed in CBE21 Kan 35 then 50 1.5-7.2% Dolgov et al.
MS with sucrose 500 mg/L inoculum. mg/L 2000, 2004
EHA105 Hygromycin 5 8.3%
mg/L
Malus prunifolia
Maruba- Leaf TDZ, ABA, IAA Carbe Leaf soaked in inoculum EHAI101 Hygromycin nd Igarashi ef al.
kaidou MS with sucrose 300 mg/L 10 mg/L/ 2002
Ringo Stem BAP, IBA, GA; Stem infected with a needle dipped in A. rhizogenes 2% Yamashita et al.
Asami MS inoculum. MAFF-02- 2004
10265
Malus robusta Rehd.
Baleng- Leaf BA, NAA Carbe Leaf cut in 3 pieces and soaked in LBA4404 Kan 50 mg/L 1.2% Qu et al. 2005
haitang MS with sucrose 300 mg/L inoculum for 5 min.
Malus micromalus Makino
Leaf BA, NAA Carbe Leaf segments soaked in inoculum for 5 LBA4404 Kan 50 mg/L nd Zhang et al. 2006
MS with sucrose 300 mg/L min.
Malus siervesii TNR 31-35 neidzwetzkyana
Leaf GA;, IBA Ticarcillin Leaf soaked in inoculum EHA105 Glufosinate 0.3% Szankowski et al.
MS with sucrosel 150 mg/L ammonium 2009
increasing

concentration

1998; Murata et al. 2000, 2001; Wilson and James 2003;
Dolgov et al. 2004). The lower concentration of antibiotic
permits a rapid growth of callus and early shoot initiation,
while the eventual higher concentration eliminates non-
transgenic shoots. The same procedure has been used with
the Ppt herbicide by Szankowski ef al. (2003).
Alternatively, transgenic apple can be produced by the
use of marker genes that do not rely on antibiotic or
herbicide resistance but instead promote regeneration after
transformation. Examples are phosphomannose isomerase
(pmi; Flachowsky et al. 2004; Zhu et al. 2004; Degenhardt
et al. 2006; Szankowski and Degenhardt 2007), and Vr-
ERE (Chevreau ef al. 2007) (Table 4). Only Degenhardt et
al. (2006) reported the regeneration of transgenic apple
lines using the pmi gene as selectable marker with a rate of
transformation from 1 to 24%. The other reports on pmi
showed expression of the reporter gene in the transformed
leaves, but no regeneration into plants was reported. Effec-
tive production of marker-free transgenic apple plants was
also reported using a plant-adapted inducible R recombi-
nase gene and a bifunctional, positive/negative selectable
marker to reduce the appearance of chimeras due to incom-
plete DNA excision (Schaart et al. 2004). The positive sel-
ection was provided by nptll whereas the negative selecta-
ble marker was the codA, a conditionally lethal dominant
gene encoding an enzyme that converts the non-toxic 5-FC
to cytotoxic 5-FU. However, no efficiency of transforma-
tion was reported for the apple cultivar ‘Elstar’, and a
downside to these procedures is that in some lines the
selectable marker is not excised and is still present in the
plant genome (Schaart ef al. 2004; Kondrat et al. 2006).
Other methods based on the transformation of apple
without any selectable marker have been reported (Malnoy

et al. 2007b). In this case GE apples are produced by 4Agro-
bacterium inculation followed by regeneration of shoots
without the use of a selection agent. This produces many
plants, some of which are non-transgenic (ca. 70% non-
transgenic depending on the cultivar). However, depending
on the regeneration and gene transfer frequencies, some
plantlets are transgenic and can be identified by PCR
screening. A prerequisite is a regeneration/transformation
protocol of high efficiency. So far, this method has been
limited to model plants and few specific crop cultivars, e.g.,
in potato. Due to the very high efficiency of transformation
of the apple genotypes ‘Galaxy’ and ‘M.26°, Malnoy et al.
(2007b) have been developing this technique in apple. They
reported regeneration via this procedure for both genotypes
with an efficiency of transformation (% of regenerants that
are transgenic) close to 12% for ‘Galaxy’ and 25% for
‘M.26°. Recently, the technique has been extended success-
fully to other apple cultivars, including Fuji (H. S. Aldwin-
ckle, pers. comm.).

Transformation efficiency: Transformation efficiency is
typically described as the percentage of explants that pro-
duce a transgenic shoot. Early procedures of transformation
reported an efficiency of transformation of 0.2 to 15%
(Table 4). After improvement in this procedure, the rate of
transformation can be as great as 80% (H.S. Aldwinckle, E.
Borejsza-Wysocka, and M. Malnoy, pers. comm.).

Other modifications: Other modifications have been made
to these procedures to increase their transformation effici-
ency. These included the use of i) plant phenolic com-
pounds (acetosyringone, betaine phosphate) to increase the
expression of several virulence genes in A. tumefaciens, ii)
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Apple

(Malus X domestica

Malus prunifolia
Malus robusta)

Leaf

— .

Wounded with clinical
forceps with tip coated
with carbide

Cut in strip of 2-3 mm

with scalpel

\/

Incubation in Agrobacterium for 5-30 min

2-5 days of co-cultivation in dark

~

Leaf cut in strip of 2-3

mm with scalpel
\'

Leaf transfer into shoot regeneration
media with Kanamycin 50-100 mg/L
in dark for 2-3 weeks

Transferred to light

Leaf transfer into shoot regeneration
media with Kanamycin 50-100 mg/L
or Hygromycin 10 mg/L

Change of media every 4 weeks except in
some procedures the media is not changed at
all during all the processes of regeneration of
transformed apple (used of Dip Petri Dish)

Transformation efficiency: 1-80%

Fig. 2 Representation of the apple (Malus X domestica, M. prunifolia, M. robusta) transformation procedure.

gelling agent, iii) nitrogen source, iv) concentration of
AgNOj; (Seong et al. 2005), and v) binary vector. Hammer-
schlag et al. (2000) reported the generation of Agrobacte-
rium-free transgenic apple by vacuum infiltration of ex-
plants inoculated with Agrobacterium with an acidified
medium with a high concentration of antibiotics (500 mg/1
Carb, Cef and Cefoxitin). Another way to avoid contamina-
tion with Agrobacterium is to bathe pre-wounded leaves in
the inoculum for a short time.

Zhu et al. (2005) has used TIB as a part of propagation
of the apple rootstock ‘M.26°. This system can also be used
for transforming apple.

2. Application of these procedures for Malus improvement

The first report of transformed apple plants in 1989 showed
promise for new apple cultivars that would be superior in
taste, healthier and easier to grow. Although, many different
traits have now been introduced successfully into apple
(Table 4), no transformed apple cultivars have yet entered
commercial production. Most early reports on transformed
apple described ‘proof of concept’ experiments involving
the development of regeneration protocols, and the choice
of appropriate promoters and selectable markers. For gene
activation, in many cases researchers relied on the well cha-
racterized constitutively expressing CaMV 35S promoter
(Table 4). Although not mentioned specifically in conjunc-
tion with a target gene, promoters linked with targeted ex-
pression patterns in apple have been identified, for example
the 940 extA promoter, which is active in young tissue
(Gittins et al. 2001), two promoters, RBCS3C and SRSI1,
suitable for the expression of transgenes in green photosyn-

thetic tissues of apple (Gittins et al. 2000), a pathogen
inducible promoter (Malnoy et al. 2006) and others with
particular expression patterns that are under development
and characterization (Gittins ez al. 2003; Norelli ez al. 2007).
A major problem for the perception of GE apple is the use
of the npfll selectable marker gene (which might conceiva-
bly be horizontally transferred to humans after ingestion of
transgenic food) is still used extensively. Recently, some
groups have started to develop alternatives (Table 4).

More recently the focus has moved onto functional
testing of traits of potential commercial interest. These traits
can be grouped into two categories: production and con-
sumer traits. Production traits include bacterial, fungal and
pest resistance, dwarfing, propagation, stress resistance, pre-
cocity, storage life and self fertility (Table 4). Examples of
consumer traits include novel health properties, improved
flavor, reduced browning after slicing, and reduced aller-
genicity (Table 4). In this section, we will describe a few
examples of the use of GE to improve some characteristics
of apple.

Disease resistance: The first and probably most important
target trait for GE of apple was fire blight, which was pio-
neered by the Cornell University group led by H.S. Aldwin-
ckle (Table 4). A large number of genes have been ex-
pressed in apple to improve their resistance to the bacterium
Erwinia amylovora, with varying degrees of success (Table
4). Three different strategies have been used: producing
antimicrobial proteins, inhibiting bacterial pathogenicity
factors, and silencing or overexpression of defense related
genes of apple.

Attacin E, cecropin and lysozyme are three distinct anti-
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Table 4 Traits expressed in transformed apple.

Trait Apple Gene Gene origin Promoter Principal results Reference
cultivars introduced
Bacterial resistance
Agrobacterium  Jonagold iaaM and ipt A. tumefaciens CaMV35S Silencing of iaaM gene expression was observed. Reduction and Viss et al. 2003
tumefaciens (silencing) FMV abolition of Crown Gall formation was observed.
(Crown gall)
Erwinia Gala SB37 (+/-sp Synthetic peptide ~ Pin2 Some SB-37 transgenic lines with partial resistance in the orchard. ~ Norelli et al. 1999,
amylovora Shiva 1 (-sp) CaMV35S Aldwinckle et al. 2003
(Fire blight) Royal Gala MB39 (+sp) Modified Osmotin (wound 3 of 7 transgenic lines showed an increase in resistance in Liu et al. 1999, 2001
cecropin inducible) greenhouse (2.5 to 3.3 fold more resistance than the control).
Royal Gala MB39 (+sp) Modified Osmotin (wound 3 of 7 transgenic lines showed an increase in resistance in Liu et al. 1999, 2001
cecropin inducible) greenhouse (2.5 to 3.3 fold more resistance than the control).
M.26 Attacin E Hyalophora Pin2 Some transgenic lines showed partial resistance in greenhouse and ~ Norelli ef al. 1994, Ko
cecropia (giant CaMV35S in the orchard. Increased resistance when signal peptide and et al. 2000; Aldwinckle
silk moth) translation enhancer (AMV) were used. et al. 1998, 2003
Pinova, Pilot, Attacin E (-sp)  Hyalophora Pin2 Some transgenic lines showed partial resistance in greenhouse. Hanke et al. 2000
Pirol, Pingo, cecropia (giant
Elstar, Remo, T4 Lysozyme silk moth) CaMV35S
Liberty, Reka, T4 Bacteriophage
Pi-AU 56-83
Gala T4 Lysozyme T4 Bacteriophage Pin2 (attacin E) ~ Some transgenic lines showed partial resistance in greenhouse. No Ko et al. 1998; 2002;
alone or Hyalophora CaMV35S (T4ly) increase in resistance when this gene was combined with attacin Aldwinckle et al. 1998,
associated with  cecropia gene. 2003
attacin E
Pinova Dpo phage ¢Ealh CAMV35S 7 of 33 lines show less disease than the non transformed genotype in  Flachowsky et al. 2008
greenhouse, but this difference was not statistically different, except
for one line.
M.26 CAMV35S Increased resistance to fire blight. Higher resistance observed when — Boresjza-Wysocka et
Gstl the Dpo gene was driven by CaMV35S promoter. al. 2007
M.26 HrpN Erwinia Gstl(wound Most of the transgenic lines had partial resistance to E. amylovora Abdul-Kader et al.
amylovora inducible) in greenhouse and in the field. Two of these lines showed a level of ~ 1999; Aldwinckle ez al.
resistance similar to the resistant rootstock M.7. 2003
Galaxy MpNPR1 Apple Pin2 Significant reduction in susceptibility to £. amylovora of 33-86% Malnoy et al. 2007
M.26 CaMV35S for Galaxy; M.26 showed a less substantial reduction in
susceptibility compared to Galaxy (0 to 70%).
Galaxy DIPM Apple CaMV35S Some transgenic lines showed silencing of the DIPM genes and an ~ Boresjza-Wysocka et
(Silencing) increase in resistance to E. amylovora. al. 2006
4 different
genes
Greensleeves Aldose 6 Apple CaMV35S Sorbitol content in transgenic lines repressing or overexpressing Duffy and Dandekar
phosphate sorbitol have no influence on disease severity or progression 2008
(A6PR) regardless of E. amylovora genotype or inoculums concentration.
antisense also
called S6PDH
Insect resistance
Royal Gala Avidin nd CaMV35S High level of resistance to larvae of lightbrown apple moth Markwick et al. 2003
Streptavidin (Epiphyas postvittana). Mortality of the larvae was between 80% -
90% in the transgenic lines compare to 14% in the untransformed
apple.
Proteinase Nicotiana alata CaMV35S Lightbrown apple moth (E. postvittana) feeding on the transgenic Maheswaran ef al.
inhibitor Ribuloase-1,5- apple had significantly reduced body weight after 7 days and female 2007
biphosphate pupae were 19-28% smaller than control. In addition,
carboxylase morphological changes such as pupal cases attached to the wings,
deformed wings, deformed body shape, and pupal cases and curled
wings attached to body were observed in adults that developed from
larvae fed with transgenic apple leaves expressing Pl when
compared to larvae fed with non-transformed apple leaves.
Fungal resistance
Fungal Melba H in Th occus  CaMV35S nd Dolgov et al. 2004
resistance danielli (Plant)
Alternaria mali  McIntosh Rab Plant nd Wound inducible Smaller disease lesion and spot size in transgenic lines compared to ~ Kim ez al. 2006
promoter untransformed.
Venturia MclIntosh Endochitinase  Trichoderma 2CaMV35S Negative correlation between growth of transgenic lines and Bolar et al. 2000, 2001
inaequalis (ech42) atroviride endochitinase activity was observed. 6 of 8 transgenic lines
(apple scab) Exochitinase (fungus) expressing endochitinase were more resistant than control. Disease
(nag70) severity was reduced by 0 to 99.7% (number of lesions) and 0 to

90% (% of leaf area infected). Exochitinase was less effective than
endochitinase. Some plants expressing both genes were more

resistant than plants expressing either single gene.
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Trait Apple

cultivars

Gene
introduced

Gene origin

Promoter

Principal results

Reference

Rooting ability / Dwarfism to rootstock

A2 rold A. rhizogenes rolA promoter The 2 transformed lines showed a reduction in height and shortened ~ Zhu et al. 2001a
internode length.

Florina rolB A. rhizogenes CaMV35S All transgenic lines produced roots in vitro in hormone free medium. Radchuck and
Transgenic plant does not show any phenotypical difference with the Korkhovoy 2005
exception of root parts after two months of growth in vitro or in
greenhouse compared to the control.

Jork 9 rolB A. rhizogenes nd Increase in adventitious root production. Some clones showed Pawlicki-Jullian ef al.
reduced apical dominance, slow initial growth and shorter 2002
internodes.

Jork 9 rolB A. rhizogenes rolB promoter Increase in root production. Sedira et al. 2001,

M.26 rol A A. rhizogenes 2005

rolA promoter All transformants had reduced stem growth. Some showed reduced ~ Holefors ez al. 1998
length, leaf area and dry weight (shoot, root and plant). No decrease
in rooting ability of the transformed lines.
2 forms of rol4 mRNA was found in the transgenic lines: one form  Xue et al. 2008
unspliced and the other spliced in which an 85 bp intron sequence
was spliced out. This can affect the expression of r0/4.
M.26 Phytochrome ~ Arabidopsis CaMV35S Shoot, root and plant dry weight were reduced in all transformed Holefors et al. 2000
M.9/29 B thaliana lines. 9 of 13 transgenic lines showed a stem length reduction
rolB A. rhizogenes rolB promoter Transgenic lines had greater rooting ability and were higher than the  Welander ez al. 1998
control. Zhu and Welander
2000a
rolB A. rhizogenes rolB promoter All transgenic lines produced roots in vitro in hormone-free Zhu et al. 2001b
medium. 15% of the transgenic lines showed reduction in node
number and stem length.

Marubakaidou  rolC A. rhizogenes rolC promoter Introduction of ro/C results in short plants with shortened Igarashi et al. 2002
internodes, smaller leaves and reduced apical dominance compared
to the non transformed plants.

Micromalus rolC A. rhizogenes rolC promoter Increased rooting ability without auxin treatment, and reduced Zhang et al. 2006

Makino height, internode length and leaf areas.

Greensleves GA 20-oxidase  Apple CaMV35S Reducing the expression of MpGa20ox1 using either sense or Bulley et al. 2005

(sense or antisense suppression resulted in a dwarf phenotype.
antisense)

Gravenstein Gai A. thaliana CaMV35S Most of the transgenic plants showed reduced growth in vitro. Zhu et al. 2008

McIntosh gibberellic acid Growth analyses in the greenhouse showed a clear reduction in stem

A2 insensitive length, internode length and node number for the dwarf clones. The
normal phenotype of some transgenic clones appears to be
associated with silencing of the introduced gai gene. In general,
transgenic clones showed reduced rooting ability, especially for the
extremely compact ones

Herbicide resistance
N545 bar Streptomyces CaMV35S Greenhouse plants treated with 1% solution of BASTA showed no Dolgov and Skryabin
damage. 2004
Environmental stress resistance
Ariane Endohitinase Trichoderma 2CaMV35S Negative correlation between growth of transgenic lines and Faize et al. 2003
Galaxy (ech42) atroviride endochitinase activity was observed. Reduced growth appeared to be
Exochitinase associated with high lignin content, peroxidase and glucanase
(nag70) activity.
All the lines with high endochitinase activity exhibited significant
reduction of scab symptoms.
Jonagold Ace-AMPI1 Onion CaMV35S Rs-AFP2 expressing shoot showed 8 to 32 fold antifungal activity De Bondt et al. 2000
Rs-AFP2 Radish compared to the control. Ace-AMPI expressing shoot showed 4 fold
increased antifungal activity relative to control plants.

Jonagold Ai-AMP nd CaMV35S nd Broothaerts et al. 2000

Golden hordothionin Barley CaMV35S Decrease in scab symptom development. Jense et al 2002

Delicious

Gala

Elstar

Ariane Puroindoline-b  Wheat CaMV35S Reduction of symptoms in transgenic Galaxy (55% for best lines) Faize et al. 2004

Galaxy and in Ariane (64%) after inoculation with the apple scab race 6. No
increase in resistance was observed in the transgenic Galaxy lines
after inoculation with the apple scab race 1.

Gala HerVf2 Apple CaMV358S Hervf2 confers scab resistance to the susceptible apple cultivar Gala. Barbieri ef al.2003;
Acquired resistance is race-specific. Belfanti ef al. 2004;

Silf