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ABSTRACT 
Plant transformation is an important tool for charactering the function of genes that will assist in the breeding of novel cultivars. 
Establishing a transformation platform, which can produce transformants in a highly efficient, reliable and reproducible way, is a 
prerequisite to using this tool for both genetic breeding programmes and functional genomic analysis. Agrobacterium-mediated 
transformation is still the most effective mechanism for transforming genes into the fruit species Actinidia (kiwifruit). Great progress has 
been made in Actinidia transformation since the first transgenic kiwifruit plants were reported 17 years ago. This progress includes 
expression from the fruit-related actinidin promoter, development of high transformation efficiency, the choice of Agrobacterium strain, 
various genes of interest, different species and field trials of transgenic plants. To date, transformation systems have been developed for 
three Actinidia species for varying purposes. The emerging scientific revolution, sparked by genomics-based technologies, has produced 
enormous amounts of gene sequence information. An Actinidia database of over 130,000 expressed sequence tags (ESTs) has been 
developed to exploit the genetic potential of kiwifruit. The platform of high throughput transformation of Actinidia has been set up for 
characterizing kiwifruit genes from the EST database in an efficient way. A range of factors, which are associated with Agrobacterium-
mediated transformation systems, will be discussed. An overview will be provided on the use of transgenic technology and the new 
emerging concepts of transformation techniques. 
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INTRODUCTION 
 
Actinidia is a genus of deciduous vines with more than 60 
species naturally distributed mainly in China and South 
Eastern Asia, mostly found in the temperate, mountainous 
forests (Liao and Wang 1984; Ferguson 1990). The plants 
are normally dioecious (male and female flower are sepa-
rate plants), but occasional Actinidia plants have perfect 

flowers (Ferguson 1984). Kiwifruit (Actinidia spp.) was in-
troduced into New Zealand from its original areas in China, 
and subsequently developed as a successful fruit crop in 
world trade in the 20th century. The commonly cultivated 
species are A. deliciosa (green kiwifruit), A. chinensis 
(yellow kiwifruit) and A. arguta (baby kiwifruit). Globally 
it is a small fruit industry compared with apple, banana and 
citrus, with it representing around 0.25% of total world pro-
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duction of major fruit crops (Belrose Inc. 2006). Because 
kiwifruit meets the requirements seen as of primary impor-
tance in new fruit development, such as health and pleasure, 
there is good potential for increased consumer demand and, 
hence, increased commercial production. The total area of 
known kiwifruit plantings throughout the world was esti-
mated at more than 100,000 hectares in 2005. The total 
world kiwifruit production was above 1.5 million tonnes, 
about 48% above the level achieved in 1998 (Belrose Inc. 
2006). 

Breeding programmes for Actinidia have been set up, in 
particular in New Zealand, Italy and China, with the objec-
tives of these breeding programmes directed primarily at 
producing A. deliciosa and A. chinensis varieties with large 
fruit size, good flavour, novel flesh colour, variations in 
harvest period, improved yield and growth habit, and her-
maphroditism (Ferguson et al. 1996). Longer term breeding 
objectives include the development of novel high value 
fruit with increased consumer health and convenience attri-
butes (Seal 2003). In addition to the conventional breeding 
methods, various modern molecular biology methodologies 
and tools have been employed to understand processes that 
control fruit characters, and to assist in reaching breeding 
goals. 
 
Applications of biotechnology in Actinidia 
 
The genus Actinidia has an unusually wide range of species 
diversity and a rich genetic resource. This provides tremen-
dous potential for continuing cultivar improvement and en-
hancing the sustainability of the world kiwifruit industry. 
However, kiwifruit commerce in the world is currently 
based on very few selected cultivars, which were bred by 
selection from natural phenotypic variations of two species, 
A. deliciosa and A. chinensis. Natural genetic resources are 
and will be the fundamental basis for future genetic im-
provement. Nevertheless, there are some features in Actini-
dia which make them less amenable to conventional breed-
ing programmes and application of biotechnology than 
other crops. These features include: 1) vigorous climbing 
vines; 2) relative long juvenile periods of 3-5 years; 3) all 
species are functionally dioecious; 4) a reticulate polyploid 
structure with diploids, tetraploids and octoploids; and 5) 
inter and intra-specific compatibility (Fairchild 1927; Fer-

guson et al. 1997; Atkinson and MacRae 2007). 
Efforts have been made to overcome the problems men-

tioned above by employing a range of modern molecular 
tools and techniques. Considerable progress has been made 
to achieving the breeding goals. Research has focused on 
molecular markers for sex (Michelmore et al. 1991; Harvey 
et al. 1997; Gill et al. 1998); RAPD and microsatellite mar-
kers for cultivar identification and somatic mutation (Cip-
riani et al. 1996, Fraser et al. 2001; Palombi and Damiano 
2001; Zhen et al. 2004); Southern and Northern analysis 
(Kobayashi et al. 1996; Schröder et al. 1998; Chen et al. 
1999), cDNA library production (Ledger and Gardner 1994; 
Langenkämper et al. 1998); constructing a genetic map of 
Actinidia species (Testolin et al. 2001; Fraser et al. 2004) as 
well as protein and enzymatic analysis (MacRae et al. 1992; 
Marquis and Bucheli 1994; Sugiyama et al. 1996; Laing et 
al. 2004). Tissue culture techniques e.g. multiplication, em-
bryo rescue, somatic embryogenesis, haploid recovery, trip-
loid recovery from endosperm culture, protoplast culture 
and cryopreservation applied to kiwifruit have been re-
viewed (Kumar and Sharma 2002; Oliveira and Fraser 
2005). Encapsulated buds from in vitro shoots of ‘Hayward’ 
kiwifruit (A. deliciosa) were used for non-embryogenic syn-
thetic seed production (Gardi et al. 1999; Adriani et al. 
2000). Somatic hybridization has been achieved in Actinidia 
(Xiao and Han 1997; Xiao et al. 2004). Protoplasts isolated 
from cotyledon-derived callus of A. chinensis (2N = 2x = 
58) were fused with cotyledon protoplasts of A. deliciosa 
(2N = 6x = 174) or with mesophyll protoplasts of A. kolo-
mikta (2N = 2x = 58) using PEG (polyethylene glycol) me-
thod. Plantlets of interspecific somatic hybrid of A. chinen-
sis and A. deliciosa (2N = 8x = 232) and interspecific soma-
tic hybrid of A. chinensis and A. kolomikta (2N = 4x = 116) 
were obtained, respectively (Xiao and Han 1997; Xiao et al. 
2004). Recent advances in protoplast culture and somatic 
hybridization of Actinidia are summarised in Table 1. 

Great progress has been made in Actinidia transforma-
tion since the first transgenic plant was reported 17 years 
ago (Matsuta et al. 1990; Rugini et al. 1991; Uematsu et al. 
1991; Janssen and Gardner 1993; Fraser et al. 1995; Yama-
kawa and Chen 1996; Rugini et al. 1997; Wang et al. 2006a, 
2006b). The emerging scientific revolution in genomic-
based technologies has produced enormous amounts of gene 
sequence information. By January 2007, there were 482 en-

Table 1 Protoplast culture and somatic hybridization in Actinidia. 
Species Tissue types used Purposes Results References 
A. arguta Leaf mesophyll, calli Protoplast culture Regenerated cell walls Derambure and Hirsch 1995 
A. arguta Leaf mesophyll Protoplast culture Microcalli Xiao and Hirsch 1996 
A. arguta Leaf calli Protoplast culture Cell colonies Zhu et al. 2001 
A. chinensis Petiole segments protoplast culture Plantlets Pais et al. 1987 
A. chinensis Leaf calli Protoplast culture Plantlets Tsai 1988 
A. chinensis Cotyledon callus Protoplast culture Plantlets Xiao et al. 1992 
A. deliciosa Suspension culture cells Protoplast culture Plantlets Mii and Ohashi 1988 
A. deliciosa Leaf, petiole and stem 

fragment calli 
Protoplast culture Plantlets Cai et al. 1991 

A. deliciosa Leaf mesophyll, calli Protoplast culture Regenerated cell walls Derambure and Hirsch 1995 
A. deliciosa Leaf mesophyll Protoplast culture Microcalli Xiao and Hirsch 1996 
A. deliciosa leaves Protoplast culture and 

direct DNA transfer 
Plantlets Raquel and Oliveira 1996 

A. deliciosa Leaf mesophyll Protoplast culture Cell colonies Ferraiolo 1997 
A. deliciosa Stem segment calli Protoplast culture Plantlets Hu et al. 1998 
A. deliciosa Suspension culture cells Protoplast culture Plantlets Gan et al. 2003 
A. eriantha Leaves Protoplast culture Plantlets Zhang et al. 1998 
A. kolomikta Leaf mesophyll Protoplast isolation Protoplasts Derambure and Hirsch 1995 
A. kolomikta Leaf mesophyll Protoplast culture Microcalli Xiao and Hirsch 1996 
A. polygama Leaf mesophyll Protoplast isolation Protoplasts Derambure and Hirsch 1995 
A. polygama Leaf mesophyll Protoplast culture Microcalli Xiao and Hirsch 1996 
A. arguta x A. deliciosa Shoot tips and young leaves Somatic hybridization Fused cells Lindsay et al. 1995 
A. kolomikta x A. polygama Leaf mesophyll Somatic hybridization Fused cell division Xiao and Hirsch 1997 
A. chinensis x A. deliciosa Cotyledon callus 

Cotyledon callus 
Somatic hybridization Plantlets Xiao and Han 1997 

A. chinensis x A. kolomikta Cotyledon callus 
Leaf mesophyll 

Somatic hybridization Plantlets Xiao and Han 1997; Xiao et al. 2004
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tries deposited in the GenBank database for all Actinidia 
species (http//:www.ncbi.nlm.nih.gov/). A proprietary Acti-
nidia database of 130,000 expressed sequence tags (ESTs) 
has been developed at HortResearch, New Zealand, to ex-
ploit the genetic potential of kiwifruit (Wang et al. 2006a; 
Atkinson and MacRae 2007). With the advent of post-ge-
nomics era where gene functions are being systematically 
uncovered by functional genomics methodologies in model 
plants such as Arabidopsis and tobacco, exploiting genes of 
Actinidia as a whole for its cultivar improvement has 
become very attractive. Establishing a transformation plat-
form, which can produce transformants in a highly efficient, 
reliable and reproducible way, is a prerequisite to using this 
tool to complement the traditional breeding and functional 
genomics studies. In this review, we describe work carried 
out on transformation in Actinidia with emphasis on Agro-
bacterium-mediated transformation and we also discuss 
some emerging concepts of transformation techniques and 
their perspectives. 
 
TRANSFORMATION SYSTEMS 
 
Agrobacterium-mediated transformation 
 
Agrobacterium-mediated transformation is an important 
tool for delivering novel genes into established cultivars 
and for use in plant functional genomics studies. Matsuta et 
al. (1990) first reported experiments on producing A. deli-
ciosa transgenic plants by Agrobacterium-mediated trans-
formation. Since then researchers have applied this tool to 
transfer genes in different species for various purposes 
(Table 2). 

In general, most work on increasing plant transforma-
tion efficiency focuses on (1) DNA delivery vehicles, (2) 
delivery methods and conditions and (3) recovering the 
transformed cells to regenerate into plantlets. More recently, 
several plant genes involved in Agrobacterium-mediated 
transformation have been identified, suggesting alternative 
approaches to increasing transformation might come from 
manipulation of the plant itself (Gelvin 2003). Here some 
key factors that affect Actinidia transformation systems are 
discussed. 
 
Agrobacterium strains 
 
Agrobacterium strains LBA4404, A281, C58, EHA101 and 
EHA105 are the common strains used in Actinidia species 
transformation (Table 2). Agrobacterium strains exhibit 
differences in their capacity to transfer T-DNA to various 
plant species (Godwin et al. 1991). When strain A281 (a 
virulent L,L-succinamopine strain (Sciaky et al. 1978)) and 
C58 (a virulent stain carrying the nopaline Ti plasmid 

pTiC58 (Depicker et al. 1980)), both carrying the plasmid 
pKIWI105 (Janssen and Gardner 1990) were used for A. 
chinensis transformation, there was no marked difference in 
efficiency of transformation between these two strains (Fra-
ser et al. 1995). However, results from Janssen and Gardner 
(1993) showed differences in ability to transform A. delici-
osa between different strains of Agrobacterium. In general, 
strain A281 produced slightly higher gene transfer rates 
than C58 and EHA101 (Janssen and Gardner 1993). They 
also pointed out that because of variability in source mate-
rial strain comparisons had to be repeated several times. In 
fact, strain A281 harbours a tumour-inducing plasmid 
pTiBo52 (Hood et al. 1986) and it also presents an extra 
copy of the transcription activator involved in the regula-
tion of the vir genes. More recently a comparison using 
four Agrobacterium strains A281, GV3101, EHA105 and 
LBA4404 to compare their transformation efficiency in A. 
chinensis has been undertaken (Wang et al. 2006b). All 
strains harboured the pART27-10 binary vector, which con-
tains nptII and uidA genes. For strain A281, 27% of leaf 
strips produced a callus, compared with 22.2% for EHA105, 
18.1% for LBA4404 and 13.9% for GV3101. The results 
suggest that using strain A281, or its non-oncogenic deriva-
tive EHA105, generates the highest rates of transformants 
in A. chinensis. These two strains, which have the Ti-plas-
mid pTiBo542 in the C58 chromosomal background (Hood 
et al. 1986; Hood et al. 1993), have also been shown to be 
superior in facilitating gene transfer in other plant species 
e.g. apple (de Bondt et al. 1994) and blueberry (Cao et al. 
1998). However, high callus formation derived from A281 
does not mean high transformation efficiency of transgenic 
plant production. We found that transformants derived from 
A281 responded differently to exogenous phytohormones 
from transformants derived from other three strains during 
shoot regeneration and rooting. The transformants from 
A281 had less than 20% shoot and root development. By 
contrast, over 70% of calli derived from strains EHA105, 
GV3101 and LBA4404 regenerated shoots and roots. Over-
proliferation of callus derived from strain A281 was even 
more severe in A. eriantha and no regenerated shoots were 
obtained from these calli (Wang et al. 2006a). PCR (Poly-
merase Chain Reaction) analysis revealed that high callus 
formation and poor bud and root initiation of the transfor-
mants from A281 was related to the oncogenes of strain 
A281 (such as iaaH and ipt, which are involved in the bio-
synthesis of auxin and cytokinin), presumably co-integrated 
into plant genome (unpublished data). Because of the endo-
genous hormone production, strain A281 is no longer ap-
plied in Actinidia transformation for our functional geno-
mics studies. Instead, EHA105 is the strain of choice of 
Agrobacterium for the Actinidia transformation in our labo-
ratory. 

Table 2 Agrobacterium-mediated transformation in Actinidia. 
Species Explants Agrobaterium 

strains 
Plasmid 
vectors 

Gene and Source References 

A. deliciosa Leaves, petioles, stems LBA4404 pBI121  Matsuta et al. 1990 
A. deliciosa Hypocotyls, stem segments EHA101 pLAN411, 

pLAN421 
GUS, nptII Uematsu et al. 1991 

A. deliciosa Leaf discs LBA4404 pRi 1855 rol A, B, C genes of A. 
rhizogenes GUS, nptII 

Rugini et al. 1991; Rugini et 
al. 1997; Balestra et al. 2001

A. deliciosa Leaves, petioles A. rhizogenes ArM 123 Mannopine Yamakawa and Chen 1996 
A. deliciosa Leaf strips A281, C58, 

LBA4404, EHA105 
pKIWI105, 
pKIWI110, 
pKIWI109, 
pLAN421 

GUS, nptII Janssen and Gardner 1993 

A. deliciosa Leaves, petioles, stems LBA4404 pBI121 Rice homeobox gene, OSH1 Kusaba et al. 1999 
A. deliciosa Leaves, petioles, stems LBA4404 pROKla-EG Soybean �-1-3-endoglucanase Nakamura et al. 1999 
A. deliciosa Leaf discs, petiole segments LBA4404 pBE121 Vitis stilbene gene Kobayashi et al. 2000 
A. chinensis Leaves, petioles, stem segments A281, C58 pKIWI105 GUS, nptII Fraser et al. 1995 
A. chinensis Leaf discs, petiole segments LBA4404 pBE121 Human epidermal growth factor Kobayashi et al. 1996 
A. chinensis Leaf strips A281, EHA105, 

GV3101, LBA4404 
pART27-10 GUS, nptII Wang et al. 2006b 

A. eriantha Leaf strips A281, EHA105 pART27-10 GUS, nptII Wang et al. 2006a 
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In addition, Janssen and Gardner (1993) investigated 
the effect of binary vectors on stable transformation fre-
quency. They tested five different binary vectors trans-
ferred to strain A281 and found the highest frequencies 
were obtained with vectors based on pGA643. It was 
thought that the variation might be due to differences in 
their kamamycin-resistance gene, the particular borders in 
each vector, or the size of their T-DNA. 
 
Transformation conditions 
 
The processing of the T-DNA from the Ti plasmid and its 
subsequent export from the bacterium to the plant cell 
results in large part from the activity of virulence (vir) 
genes carried by the Ti plasmid (Stachel et al. 1986). Phe-
nolics, sugars, temperature and pH can affect the virulence 
of Agrobacterium and presumably its capacity to transform 
plant cells (Alt-Moerbe et al. 1988). However, the degree 
to which these factors influence the transformation effici-
ency varies with species and reports. Acetosyringone (AS), 
which is one of phenolic compounds released by wounded 
plant tissue and a signal molecule to ensure effective vir-
induction and T-DNA transfer (Stachel et al. 1985, 1986), 
has been widely applied to increase transformation effici-
ency in various crops (Guivarc’h et al. 1993; James et al. 
1993; Wu et al. 2003). Janssen and Gardner (1993) found 
the addition of 20 μM AS to the Agrobacterium growth 
medium and to the co-cultivation plates increased GUS ex-
pression approximately 2-fold in A. deliciosa leaf pieces. 
Wang et al. (2006a, 2006b) added 100 μM of AS in bacte-
rial culture for inoculation to improve transformation ef-
ficiency in A. chinensis and A. eriantha transformation. 
The effects of AS pre-treatment and co-cultivation tempe-
rature, and the correlations of these two factors with four 
tested Agrobacterium strains were also evaluated in A. 
deliciosa transformation. The results from this preliminary 
experiment demonstrated some positive role of AS pre-
treatment two weeks prior to infection. Also, the Agrobac-
terium strains could respond differently to various concen-
trations of AS pre-treatment. Strain EHA 105 had the high-
est transformation frequency at 10 �M AS, whereas LBA 
4404 had the highest transformation rate at 100 �M AS. 
However, because the experiment involved too many vari-
able factors, the independent effect of AS pre-treatment re-
mains unclear. The effect of co-cultivation temperature on 
transformation was assessed in different Agrobacterium 
strains. Strain EHA105 had a similar transformation rate at 
all co-cultivation temperatures, whereas transformation fre-
quencies for LBA4404 and A281 increased at 18 and 21°C 
compared with co-cultivation at 24�C (unpublished data). 

Co-cultivation duration of usually 2 days, but some-
times up to one week, has been applied to A. deliciosa 
transformation (Uematsu et al. 1991). The inclusion of a 
suspension cell feeder layer during co-cultivation, sepa-
rated from the explants by a layer of filter paper, has been 
used to improve transformation frequencies in kiwifruit 
(Janssen and Gardner 1993). They found that the inclusion 
of filters substantially improved gene transfer, but for rea-
sons this was not clear. 
 
Plant regeneration 
 
Establishing a reliable tissue culture system is a pre-requi-
site for transformation processes in kiwifruit. Once that is 
achieved, a choice of explants and the right hormone com-
binations are the two main components for success. Tissue 
culture of kiwifruit (A. chinensis and A. deliciosa) was 
found to be relatively easy for both callus induction and 
adventitious bud initiation when appropriate explants were 
used. Young leaves, petioles and stem segments have been 
used by most researchers for kiwifruit transformation 
(Table 2). As with most other crops, the younger the ex-
plants of kiwifruit used, the easier regeneration will be. 
However, some narcosis of explants occurs after co-culti-
vation with Agrobacterium if the explants are too young. 

For the trans-formation of A. arguta, a considerable narco-
sis is observed when young leaf strips were used (unpub-
lished data). To maintain the explants in active and ame-
nable condition for infection, it is essential to subculture in 
vitro shoots at intervals of 3-4 weeks (Fraser et al. 1995; 
Wang et al. 2006a). MS basal (Murashige and Skoog 1962) 
medium has been used successfully by many researchers 
for callus induction as well as regeneration in Actinidia 
species (Kumar and Sharma 2002). However, applications 
of auxins and cytokinins and combinations thereof are com-
plicated by variations in explant conditions. A comparison 
of combinations of growth regulators for regeneration was 
carried out in A. chinensis by Fraser et al. (1995). They 
found that TDZ (thidiazuron) and kinetin, at a range of con-
centrations between 0.1 and 10 mg/l, were clearly inferior 
to other cytokinins. Differences between NAA (1-naphtha-
lene acetic acid) and IAA (indole-3-acetic acid) were insig-
nificant but NAA is stable in media under light. The most 
satisfactory combination of growth regulator additives was 
found to be zeatin alone, or in combination with BAP (6-
benzyl-aminopurine), combined with 0.1 mg/l of NAA. 
Zeatin was clearly superior to BAP when used alone, but 
the combination of the two cytokinins gave the best overall 
result in terms of numbers of normal-looking shoots. Wang 
et al. (2006a) had similar results in A. eriantha when they 
compared different combinations of zeatin and BAP at dif-
ferent concentrations. The highest shoot regeneration rates 
(61% and 55% for two different varieties of A. eriantha) 
were obtained using medium containing a combination of 2 
mg/l zeatin and 3 mg/l BAP. Shoot regeneration in A. eri-
antha showed a synergistic response to the mixture of zea-
tin and BAP. Uematsu et al. (1991) reported that the rege-
neration frequency varied with the basal medium used, and 
B5 basal medium (Gamborg et al. 1968) containing zeatin 
was most suitable for obtaining transformed shoots. The 
high level of callus formation and shoot regeneration of 
kiwifruit in tissue culture makes it possible to obtain trans-
formed shoots at a high frequency. However, in a transfor-
mation system minimal callus development and maximum 
shoot development are desirable, as the chance of random 
somaclonal variation should be kept at a minimum during 
the process. 

For establishing a good transformation system, it is cri-
tical to experiment with the conditions for plant regenera-
tion, including genotype, explant type and medium. In dis-
cussions about transformation efficiency, which is one of 
key components for measuring a transformation system, the 
importance of plant regeneration is often a minor consi-
deration in many plant transformation studies, including for 
those agronomic crops species categorized as recalcitrant. 
Since Agrobacterium is the major tool for plant transfor-
mation, its molecular mechanism of Ti-plasmid transfer, 
integration, and expression has been intensively studied for 
the last three decades (Tzfira and Citovsky 2002). Agrobac-
terium T-DNA integration normally occurs at random sites 
in the plant genome (Gelvin 2000; Chilton and Que 2003). 
Great efforts have been made to increase transformation 
efficiency by employing recent advances in the molecular 
mechanism of foreign genes as delivery vehicles. However, 
for plant genetic engineering, ultimately it is not the num-
ber of transformed cells but the number of transformed 
plants that are important. The journey from transformed 
cells to transformed plants is sometimes difficult and full of 
challenges. Making these transformed cells develop into a 
plantlet requires a variety of tissue culture techniques. For 
woody crops, the methods of plant regeneration play a key 
role in increasing transformation efficiency. 
 
Species 
 
Transformation systems have been developed for three 
predominant kiwifruit species - A. chinensis, A. deliciosa 
and A. eriantha (Table 2). All Actinidia genotypes so far 
tested have been found to be responsive to a range of tissue 
culture conditions, and relatively amenable to regeneration 
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protocols (Fraser et al. 1995). Compared with other woody 
species, such as apple (James et al. 1989) and orange (Ka-
neyoshi et al. 1994), relatively high rates of transformation 
and regeneration were achieved in A. deliciosa (Uematsu et 
al. 1991). Up to 27.8% transformation efficiency was ob-
tained from A. chinensis (Wang et al. 2006b). Among the 
three Actinidia species, A. eriantha displayed relatively 
low rates of regeneration and transformation (Wang et al. 
2006a). 
 
Stable expression and inheritance 
 
Gene transfer systems have been developed for a range of 
plant species and they provide a powerful tool for crop 
improvement. Practical application of this tool in breeding 
programmes typically requires introduced genes that can 
express stably in the transformants and be inherited in pro-
geny plants. When generating transgenic plants, the most 
conclusive evidence demonstrating integration of foreign 
DNA into the host genome is transmission of the transge-
nic phenotype to progeny. Wang et al. (2006a) evaluated 
GUS expression in calli, leaves, buds, stems, roots, petals 
and fruit tissues in A. eriantha transgenic plants, including 
their progeny. They demonstrated that the 35S-CaMV 
driven uidA gene was constitutively expressed in tissues of 
transgenic plants and inherited into their progeny. Fung et 
al. (1998) also examined the expression of three-year-old 
transgenes in field-grown A. deliciosa, and the inheritance 
and expression of transgenes in progeny from these plants. 
They found that a gene encoding resistance to kanamycin 
and a reporter gene expressing the �-glucuronidase (GUS) 
enzyme were both inherited and expressed in progeny of 
kiwifruit plants. For two plants examined in detail (Fung et 
al. 1998), molecular evidence suggested that there were 
multiple copies of both the kanamycin resistance (nptII) 
gene and the uidA gene. None of the actively expressed 
copies of nptII or uidA were linked. Expression of GUS 
was variable in some progeny plants, consistent with the 
idea that gene silencing phenomena were operating. Rugini 
et al. (1997) evaluated genetic stability and phenotypic 
changes of expressing the rolB and rolABC genes in trans-
genic kiwifruit plants over a 6-year period. They found that 
all rolABC and rolB microcuttings rooted in hormone-
free-media, whereas non-transformed material showed 30-
40% rooting under similar conditions and rolABC transfor-
mants maintained the “hairy root” phenotype for over 6 
years. Segregation of inserted genes was observed, such 
that there were 50% offspring with the “hairy root” pheno-
type when transgenic plants were crossed with wild types. 
 
Direct gene transfer 
 
A gene transfer system involves the use of several techno-
logies that have the capacity to shuttle isolated DNA into a 
viable host cell. The efficiency of a transfer system is 
dependent upon the species to be transformed. Although 
Agrobacterium and particle bombardment-mediated gene 
transfer are the most common used systems, they are not 
the only techniques available. Every system has its advan-
tages and limitations, making continuous development of 
new systems, and improvements upon established systems, 
essential. The PEG (polyethylene glycol)-mediated gene 
transfer was the technique commonly used in early 1980’s 
for integration of foreign genes into protoplasts. Molecules 
ranging in size from small gene sequences or plasmids to 
large molecules such as chromosomes or micronuclei can 
be transferred into the protoplast in the presence of PEG. 
PEG-mediated DNA uptake in protoplasts to produce 
transgenic potato and sunflower has been described (Fehér 
et al. 1991; Binsfeld et al. 2000). It is still not completely 
clear how PEG induces protoplasts to take up DNA; some 
evidence shows a reversible permeabilization of the plasma 
membrane, which allows the passage of different mole-
cules (Songstad et al. 1995). 

Oliveira et al. (1991) reported their PEG-mediated gene 
transfer in kiwifruit. They used chloramphenicol acetyl 
transferase (CAT) gene as a reporter gene to assess the 
conditions for polyethylene glycol (PEG)-mediated trans-
fection of kiwifruit protoplasts. Using this method, they op-
timised plasmid and PEG concentration, and also assessed 
the effect of heat shock on transfection. The best CAT ac-
tivity was obtained using 30% of polyethylene glycol 4000 
and by submitting protoplasts to heat shock (45°C, 5 min) 
prior to transfection. However, no transgenic plants were 
reported from their experiments. 

The lack of interest in this system is primarily due to 
the existence of more efficient transformation systems, the 
low yields of transformants and the inability of many spe-
cies to be regenerated from protoplasts into viable plants. 
However, as a genetic engineering approach for functional 
genomics, Agrobacterium-mediated transformation is 
facing concerns due to unwanted DNA sequences (T-DNA, 
antibiotic resistant markers and backbone), which integrate 
along with the genes of interest into the plant genome. One 
of the advantages of pursuing PEG-mediated gene transfer 
in Actinidia is that there are successful protocols for rege-
neration of whole plants from protoplasts of A. chinensis 
(Pais et al. 1987; Tsai 1988; Xiao et al. 1992), A. deliciosa 
(Mii and Ohashi 1988; Cai et al. 1991; Raquel and Oliveira 
1996; Hu et al. 1998; Gan et al. 2003) and A. eriantha 
(Zhang et al. 1998). It is anticipated that PEG-mediated 
gene transfer may address some of the concerns of Agro-
bacterium-mediated transformation and provide an alterna-
tive system described above for woody crops like Actinidia 
with highly heterogeneous genetic backgrounds that are 
amenable to protoplast culture (Table 1). 
 
TRANSGENIC PLANTS AND FUNCTIONAL 
GENOMICS 
 
Agronomic traits manipulated and altered in 
transgenic plants 
 
Although several transformation systems have been deve-
loped for different Actinidia species, most of the transgenic 
plants produced only involved reporter genes such as the 
nptII gene that confers kanamycin resistance, or the uidA 
gene for monitoring GUS expression (Table 2). Neverthe-
less, significant advances have been achieved by using ge-
netic engineering tools to exploit the manipulation of agro-
nomic traits in Actinidia. The target agronomic traits in 
these reports include rooting ability, dwarfing, plant struc-
ture, disease resistance and nutrition. 

Self-rooted cuttings in woody species, like kiwifruit, are 
highly desirable for propagation especially when the root-
stock is not required. Rugini et al. (1991) transferred rol A, 
B, C genes of A. rhizogenes into A. deliciosa and generated 
transgenic plants that showed the typical “hairy root” phe-
notype described in herbaceous species. Explants from these 
plants showed an increased ability to produce roots. These 
transgenic plants and their progeny maintained the “hairy 
roots” phenotype over six years (Rugini et al. 1997). Inte-
restingly, the transgenic plants with rolABC genes had in-
creased susceptibility to Pseudomonas syringae pv. syringae 
and P. viridiflava. The susceptibility was probably correla-
ted to the high nitrogen content in the leaves of the rolABC 
plants (Balestra et al. 2001). Dwarfism and early flowering 
of fruit trees are useful characters for orchard management. 
OSH1 is a rice homeobox gene, homologous to KN-1 (Mat-
suoka et al. 1993). When OSH1 cDNA under 35S promoter 
was introduced into kiwifruit plants, the morphology of the 
transgenic plants fell into three categories: normal, mild, 
and severe phenotypes. Severe phenotype transgenic kiwi-
fruit were much dwarfed with tiny leaves and lacked apical 
dominance (Kusaba et al. 1999). 

�-1,3-endoglucanase catalyzes the hydrolysis of �-1,3-
glucan, which is a major component of the cell wall of most 
fungi. Enzyme activity is usually low in a healthy plant but 
it increases during fungal infection. It has been proposed 
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that induction of enzyme activity is related to the plant de-
fence reaction. Nakamura et al. (1999) transformed a soy-
bean �-1,3-endoglucanase cDNA driven by 35S promoter 
into kiwifruit and these transgenic plants showed about a 
six-fold increase in enzyme activity over that in the control 
plants. When leaves of transgenic plants were inoculated 
with Botrytis cinerea, which causes grey mould disease, the 
disease lesion areas were smaller than on control plants. 
Kobayashi et al. (2000) introduced a stilbene synthase gene 
(which is related to resveratrol synthase and was isolated 
from a grapevine, Vitis spp.) into kiwifruit (A. deliciosa) 
plants by Agrobacterium-mediated gene transfer. Resvera-
trol is a phytoalexin produced in several plants in response 
to fungal infection or UV irradiation. A clear relationship 
between resveratrol and disease resistance of the leaf has 
been demonstrated with transgenic tobacco (Hain et al. 
1993). However, the transformants that Kobayashi et al. 
(2000) obtained did not show resistance against Botrytis 
cinerea, although they produced higher amounts (182 μg/g 
in the leaves) of resveratrol-glucoside. Resveratrol has an 
inhibitory effect on platelet aggregation and cancer chemo-
preventive activity at very low concentrations (Bertelli et al. 
1995; Jang et al. 1997). It is assumed that if there is a 
corresponding elevation of resveratrol in the fruit to the 
same concentration as observed in old leaves (20 μg/g) of 
the transgenic plant, approximately 2 mg resveratrol should 
be produced in an average sized fruit (about 100 g). It has 
been proposed that this amount of resveratrol could have a 
positive biological effect on human health (Kobayashi et al. 
2000). Kobayashi and colleagues (1996) also transferred a 
chemically synthesized gene encoding the human epidermal 
growth factor (hEGG) into A. chinensis and the introduced 
hEGF gene(s) were expressed in the young leaves of the 
regenerated plants. This was the first demonstration of the 
production of human bioactive peptides, non-fused with 
other proteins, in fruit trees and demonstrates the possibility 
of producing some useful components in fruits in using 
transformation techniques. 
 
Kiwifruit fruit-specific promoters 
 
Actinidin genes encoding a cysteine protease that is highly 
expressed in fruit of A. deliciosa have been studied exten-
sively for their character and expression (Baker 1980; 
Praekelt et al. 1988; Keeling et al. 1990; Lin et al. 1993; 
Sugiyama et al. 1996). In ripe kiwifruit, actinidin is the 
most abundant soluble fruit protein. The actinidin mRNA 
is rare in leaves and roots and increases in abundance 
during later stages of fruit development, suggesting that a 
tissue-specific regulation of transcription is important in 
controlling the levels of this protease (Praekelt et al. 1988). 
These features make the actinidin promoter a potential tool 
for studying gene expression in late fruit development. Six 
different isozymes have been isolated from the fruit, with 
slightly different enzyme properties (Sugiyama et al. 1996). 
An actinidin promoter was isolated from the actinidin 
genes that are the most highly expressed in fruit and the 
gene fragment was cloned and sequenced (Keeling et al. 
1990). Lin et al. (1993) constructed fusions between acti-
nidin promoter fragments and the GUS reporter gene and 
introduced the chimaeric gene into petunia plants. They 
demonstrated that a 1.36 kb actinidin promoter is able to 
direct induction of the GUS reporter gene in seed pods of 
transgenic Petunia plants. We recently transformed the 
GUS reporter gene driven by the actinidin promoter into A. 
chinensis and A. eriantha. These transgenic plants have 
produced fruit in the containment greenhouse and the 
characterization of the GUS expression in the fruit is in 
process. Despite the high levels of the protein found in 
fruit and its extensive characterization, the function of 
actinidin is still not known (Atkinson and MacRae 2007). 

Polygalacturonase (PG) is one of the enzymes involved 
in the raft of cell wall modifications that occur during fruit 
ripening and have an impact on the texture and shelf life of 
fruit. Three fragments of a type A PG promoter were iso-

lated from A. deliciosa (Atkinson and Gardner 1993) and 
cloned as translational fusions to the chimeric �-glucuro-
nidase (uidA) reporter gene (Wang et al. 2000). These three 
promoter constructs were transformed into tomato and the 
expression of the PG promoter characterised in tomato fruit. 
The results showed that type A PG promoter fragments of 
467, 860 and 1296 bp all directed fruit ripening-specific 
GUS gene expression in transgenic tomato. No histochemi-
cal staining was detected in leaves, roots, flowers, abs-
cission zone or developing fruit prior to the breaker stage. 
 
Large gene databases explored 
 
The emerging scientific revolution sparked by genomics-
based technologies has produced massive amounts of gene 
sequence information. By contrast, only 683 entries of gene 
sequences for all Actinidia species were deposited in the 
GenBank database by February 2007 (http//:www.ncbi.nlm. 
nih.gov). Of these sequences, 154 are from A. deliciosa, 
145 from A. chinensis, 39 from A. arguta, 30 from A. eri-
antha, 27 from A. polygama and the remaining 288 are 
from the rest of the Actinidia species (Fig. 1). HortResearch 
in New Zealand has developed a proprietary database of > 
130,000 expressed sequence tags (ESTs) to exploit the 
genetic potential of kiwifruit (Wang et al. 2006a; Atkinson 
and MacRae 2007). Among these ESTs, 59,163 are from A. 
deliciosa, 47,568 from A. chinensis, 13,030 from A. erian-
tha, 7,370 from A. arguta and the rest are from other spe-
cies. All the ESTs were derived from 35 libraries and the 
majority of them are from the tissues of fruit and shoot 
buds (Atkinson and MacRae 2007). 

Despite the very impressive progress made in Actinidia 
gene sequencing, the understanding of these genes with 
their specific functions for commercial use remains to be 
elucidated. 
 
High throughput transformation for functional 
genomics 
 
Establishing a transformation system, which can produce 
transformants in a highly efficient, reliable and reprodu-
cible way, is a prerequisite to using this tool in functional 
genomic analysis. In particularly, if the transformation 
system is designed to be a platform for investigating plant 
functional genomic studies, the transformation efficiency 
and timing required for transformant production are parti-
cularly critical because of the cost and the large numbers of 
genes involved. We have established an optimised Agro-
bacterium-mediated transformation system for kiwifruit. 
The system allows us to produce transgenic plants effici-
ently, to test numerous ESTs in kiwifruit functional geno-
mic studies. Thirty-two constructs for genes involved in 
flavour and aroma biosynthesis transcriptional control, 
chromatin remodelling, ascorbic acid biosynthesis and cell 
wall modification have been transformed into A. chinensis, 
A. deliciosa and A. eriantha using strains of Agrobacterium 
(Atkinson and MacRae 2007). The number of genes tested 
is increasing continually. 

Currently, all transgenic plants have to be potted, 
grown and maintained in a containment greenhouse. As 
current commercial cultivars are mainly from A. chinensis 
and A. deliciosa, most research interests are focused on 
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Fig. 1 Number of gene sequences from Actinidia species deposited in 
GenBank. 
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these two species (Fig. 1). However, the vine characters 
and relatively long juvenility of these two species make 
functional genomics analysis, in particular of those genes 
related to fruit characters, difficult and time consuming. In 
this regard, several characters of A. eriantha, rather than A. 
chinensis and A. deliciosa, make this species of particular 
interest for functional genomics studies in Actinidia. The 
flowers of A. eriantha form all over the vine including on 
the lower axillary branches, and the vines are relatively 
small and non-vigorous in nature. We have established a 
transformation system for A. eriantha and their transgenic 
plants have flowered and fruited within 2 years (starting 
from Agrobacterium infection) in a containment green-
house (Wang et al. 2006a). We believe that A. eriantha is 
an ideal model species for functional genomics studies in 
Actinidia because of its early flowering, small sized vine, 
reduced winter chilling requirement and economical main-
tenance in the containment greenhouse. 
 
FUTURE PERSPECTIVES 
 
Genetic transformation is a useful tool for analysing the 
function of plant genes. There are many innovative me-
thods and strategies proposed by researchers for carrying 
out plant transformation for various purposes. We should 
take great care firstly to clarify the objectives of using 
genetic transformation tools when we discuss what methods 
should be used and how the transgenic plants would be 
produced. With fully sequenced genomes in Arabidopsis 
and rice, the problem now for researchers who are using 
genetic transformation to analyse plant gene function is not 
lack of data, but how best to interpret the wealth of pub-
licly-available gene sequence and expression information. 
To this end, an ideal vector and transformation efficiency 
are the most important components for establishing a trans-
formation system. Rigorous regulations that consider envi-
ronmental risk and public acceptance are surmountable fac-
tors that need to be considered even when the transfor-
mation experiments are aimed at identifying function in 
plant genes, rather than a goal of plant improvement. 

Ultimately we face the challenge of applying genetic 
transformation to improve crop plants used in food, feed 
and industrial production. The testing and release of geneti-
cally modified organisms (GMOs), in particular GM plants, 
is regulated internationally. Because transgenic plants em-
body numerous components and processes, each of which 
may have intellectual and tangible property (IP/TP) right 
attached, a product clearance analysis leading to freedom to 
operate (FTO) becomes a complex issue (Kowalski et al. 
2002). Nevertheless, gene transfer has been used to produce 
GM-varieties of corn, canola, soybean and cotton, which 
were grown on over 100 million hectares in 22 countries by 
over 10 million farmers in 2006 (http://www.isaaa.org). 
However, the majority of transgenic crops produced in most 
countries are not allowed to be released for commercial 
field production. Public concern about the introduction of 
foreign DNA into food crops is at the centre of many ob-
jections to transgenic plants. For example, the presence of 
marker genes encoding for antibiotic or herbicide resistan-
ces in genetically modified plants poses a number of prob-
lems (Scutt et al. 2002). 

Recently, great effort has been made to respond to 
public concern. Here, we discuss some advanced and in-
novative approaches and techniques which may hold great 
promise for using genetic transformation to improve or ac-
celerate woody plant breeding programmes. 
 
Obtaining marker-free transgenic plants by PCR 
analysis 
 
Although several methods to create marker-free trans-
formed plants have been reported, for example co-transfor-
mation, transposable elements, site-specific recombination 
and intrachromosomal recombination (Komari et al. 1996; 
Gleave et al. 1999; Zubko et al. 2000; Zuo et al. 2001), 

most of these are time-consuming and inefficient (Ow 
2001). Vetten et al. (2003) reported a method that permits 
the identification of transgenic plants without the use of 
selectable makers. Their strategy was very simple and 
straightforward and uses PCR to identifying the transfor-
mants. They were able to get 0.2% of the transformants 
from the harvested shoots infected with Agrobacterium 
strain LBA4404 in potato transformation, whereas with the 
strain AGL0 this percentage was on average 4.5%. Because 
this system does not require genetic segregation or site-
specific DNA-deletion systems to remove marker genes, it 
may provide a reliable and simple tool for generating trans-
genic plants like woody crop kiwifruit, that need to be pro-
pagated clonally. 
 
Using plant original visual marker genes to select 
transformants 
 
Using activation tagging, Borevitz et al. (2000) isolated a 
bright-purple mutant, involving production of an anthocya-
nin pigment 1-Dominant (pap1-D). In this, genes encoding 
enzymes involved in the biosynthesis of phenylpropanoid 
natural products exhibit massive and widespread activation 
throughout plant development. This finding provides a new 
approach to generating transgenic plants by expressing 
visually screened marker genes that are under the control of 
promoters from genes encoding enzymes. When this colour 
marker gene is fused with fruit development tissue-specific 
promoters like the actinidin promoter, we may be able to 
produce transgenic plants that have coloured fruit but un-
changed vegetative tissue. 
 
All-native DNA transformation 
 
Genetic engineering in plants usually relies on the intro-
duction of foreign DNA into plant genomes. Although gene-
tically engineered traits provide valuable alternatives to 
those available through conventional breeding, public con-
cern about the extent to which transgenic crops differ from 
their traditionally bred counterparts has limited the commer-
cial application of this technology. Rommens et al. (2004) 
reported a plant-derived (P-) DNA fragment can be used to 
replace the universally employed Agrobacterium transfer 
(T) DNA. They identified plant border-like sequences from 
potato (Solanum tuberosum) that shared most homology 
with the left border of nopaline strains (21 of 25 bp) and the 
right border of octopine strains (22 of 25 bp) of Agrobac-
terium. Hundreds of marker-free and backbone-free potato 
plants were produced and they represent the first example of 
genetically engineered plants that only contain native DNA. 
The plant contains five genetic elements from either potato 
or a sexually compatible wild relative. These are transfer 
DNA from wild potato (PDNA), promoter of potato gra-
nule-bound starch synthase gene (PGB), a potato vacuolar 
invertase inhibitor gene (INH), a terminator of the potato 
ubiquitin-3 gene and a potato polyphenol oxidase gene 
(PPO). As these plants are formed simply by the rearrange-
ments of genomic material from within the same sexual 
compatibility group, they are called ‘intragenic’ plants in-
stead of transgenic plants. Such modifications could alter 
traits in a similar but more efficient and precise manner to 
that of plant breeding (Rommens 2004). Subsequently, the 
concept of the intragenic vector system, consisting of only 
plant-derived DNA fragments, was developed (Conner et al. 
2007). 

Following this breakthrough of all-native DNA transfor-
mation, Schouten et al. (2006) proposed a rationale for a 
new subcategory of genetically modified (GM) plants 
known as cisgenics. They defined cisgenics as the genetic 
modification of a recipient plant with a natural gene from a 
crossable and sexually compatible plant. They proposed that 
cisgenic plants should be free of any regulation, and food 
derived from them should not be labelled as genetically en-
gineered (GE). Indeed, cisgenesis is a particularly efficient 
method for cross heterozygous plants that propagate vegeta-
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tively, such as kiwifruit, potato, apple and banana. It can 
directly improve an existing variety without disturbing the 
genetic make-up of the plant. Cisgenesis offers the potential 
to overcome bottlenecks in traditional Actinidia breeding 
but also to make possible ‘designed fruit’ in a safe and en-
vironmentally risk-free manner. Because the Actinidia ge-
nus is usually polyploid and highly heterogeneous geneti-
cally, with relative long juvenility, it is almost impossible to 
express a trait of interest from a wild plant by crossing it 
with a cultivated high-quality genotype, because of linkage 
drag. Using backcrossing to reduce linkage drag is also dif-
ficult and sometimes impractical because of Actinidia’s 
dioecism. By contrast, cisgenesis isolates only the genes of 
interest from the donor plant, which are then inserted into 
the recipient in one step. As no other genes are involved, 
there is no linkage drag problem. In addition, as Actinidia 
naturally have inter- and intra-specific compatibility, cis-
genesis may allow us to assemble premium traits from dif-
ferent species and germplasm into one cultivar. 
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