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Institute for Biological Research ‘‘Siniša Stanković,’’ University of Belgrade,
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Abstract. An efficient in vitro shoot regeneration method from leaf explants of apple
cultivars Golden Delicious and Melrose by optimization of regeneration medium, explant
type and orientation, dark pre-treatment, and gelling agent is presented. Murashige and
Skoog’s regeneration medium containing 22 mM thidiazuron (TDZ) and 1.5 mM indole-
3-butyric acid (IBA) (M2 medium) was superior for regeneration as well as for
subsequent shoot multiplication in both cultivars, providing regeneration frequency of
95% or higher in the best combination with other factors. Pre-incubation in the dark
proved to be an essential factor for regeneration. The use of agar as a gelling agent
provides satisfactory regeneration frequency compared with media gelled with Phyta-
gelTM. Leaf explants of cv. Melrose with adaxial surface in contact with M2 medium and
those of cv. Golden Delicious orientated contrary regenerated the highest mean number
of shoots per explant. Under optimal conditions, a maximal index of shoot-forming
capacity of 11.44 and 6.30 for ‘Melrose’ and ‘Golden Delicious’, respectively, was
achieved. Regenerated shoots were successfully rooted and acclimated ex vitro.

‘Golden Delicious’ and ‘Melrose’ are two
economically important apple (Malus domes-
tica Borkh.) cultivars grown worldwide.
‘Golden Delicious’ is the main apple cultivar
of the 20th century, both as a commercial
variety and as breeding stock for many other
varieties. ‘Melrose’, a ‘Jonathan’ · ‘Red
Delicious’ cross, is also an attractive apple
cultivar with fruits of very high quality,
suitable for fresh eating as well as for cooking
purposes. Besides their good growing and
fruit characteristics, both cultivars are highly
susceptible to various diseases including
those vectored by insects. The genetic im-
provement of Malus species has been mainly
achieved by conventional plant breeding
methods that recombined the desired genes
from fruit tree varieties and related species by
sexual hybridization into new cultivars with
desirable traits. However, this is a slow pro-
cess that may result in the loss of many
favorable traits. Improvement of stress and
pest tolerance traits by genetic engineering,
without disrupting the otherwise desirable
genetic characteristics, is a viable alternative
to the use of traditional breeding techniques
that would benefit both consumers and the

environment. A prerequisite to achieving suc-
cessful genetic transformation in apple is the
development of an efficient regeneration sys-
tem that would increase adventitious shoot
regeneration, because the regeneration ability
of transformed tissues is much lower than that
of non-transformed ones (Pawlicki-Jullian et al.,
2002). Although a number of regeneration
protocols for apple have been published, mainly
for various apple rootstocks and several culti-
vars (reviewed by Bhatti and Jha, 2010;
Dobránszki and Teixeira da Silva, 2010;
Magyar-Tábori et al., 2010), the regeneration
potential was strongly genotype-dependent
and needs optimization for each individual
genotype, explant type, and culture stage.
Adventitious shoot regeneration in ‘Golden
Delicious’ was previously achieved with
a frequency of �25% to 60% (Dufour, 1990;
Durham and Korban, 1994; Korban et al., 1992;
Viršček-Marn et al., 1999). To our knowledge,
no previous research protocols included the
cultivar ‘Melrose’. The present study was con-
ducted to optimize in vitro shoot regeneration
from leaf explants of the apple cultivar Golden
Delicious and to establish an efficient in vitro
shoot regeneration system for ‘Melrose’ as a
prerequisite for successful genetic transforma-
tion aimed at incorporating genes for insecti-
cidal proteins. The effects of the regeneration
medium, explant type and orientation, dark pre-
treatment, gelling agent, and ethylene inhibitors
on regeneration efficiency were studied. The
influence of regeneration medium on subsequent
shoot proliferation was also evaluated.

Materials and Methods

Plant material and establishment of
aseptic axillary shoot cultures. Branches up
to 50 cm in length were collected from 1-year-
old increments of 15-year-old apple tree cul-
tivars Golden Delicious and Melrose grown in
the apple tree collection orchard of the Institute
for Fruit Research in Čačak, Serbia, in Mar.
2009 and 2010. The twigs containing dormant
vegetative buds were stored in water in the
culture room for 2 weeks until the buds reached
0.8 to 1.5 cm in length. Excised buds were
rinsed with sterile distilled water with a few
drops of detergent (Fairy; Procter and Gamble)
for 10 min, then immersed in 5% commercial
bleach (4% NaOCl) for 20 min, and rinsed five
times with sterile deionized water. To establish
aseptic cultures, the shoot apex with one pair
of primordial leaves was excised aseptically
from buds and cultured for 4 weeks in 100-mL
Erlenmeyer flasks containing 40 mL of
Murashige and Skoog (1962) medium (MS)
with 3% (w/v) sucrose, 0.7% (w/v) agar (Torlak,
Belgrade, Serbia), 100 mg�L–1 myo-inositol,
5 mM 6-benzylaminopurine (BA), and 0.5 mM
and 1-naphthaleneacetic acid (NAA). Shoots
were transferred to shoot multiplication me-
dium (SM) containing MS salts and vitamins,
3% (w/v) sucrose, 0.7% (w/v) agar, 100 mg�L–1

myo-inositol, 2.2 mM BA, and 0.26 mM NAA.
The pH of the media was adjusted to 5.8 before
autoclaving at 114 �C and 0.9 kPa for 25 min.
Occasionally, the cultures were suffused with
5 mL of liquid SM medium and subcultured
at 4-week intervals to obtain a sufficient
amount of stock shoot cultures for regenera-
tion experiments. Cultures were maintained
in a growth chamber at 25 ± 2 �C under a 16-h
light photoperiod provided by cool-white
fluorescent tubes (45 mmol�m–2�s–1).

General protocol for shoot regeneration
from leaf explants. Healthy and fully expanded
young leaves (5 to 8 mm in length) collected
from the upper third of in vitro shoots propa-
gated on SM medium for 4 weeks were used as
initial explants for regeneration experiments.
Leaves were cut transversely across the midrib
into three pieces proximal, middle, and distal
designated as 1, 2, and 3, respectively, and
placed into petri dishes (90 · 10 mm, 25 mL of
medium) with either the adaxial or abaxial
surface in contact with the medium M1, M2,
or M3. All media consisted of MS basal salts
and vitamins, 3% (w/v) sucrose, 0.7% (w/v)
agar, and 100 mg�L–1 myo-inositol. M1 was
supplemented with 3 mM TDZ and 5 mM NAA
(Maheswaran et al., 2007), M2 with 22 mM
TDZ and 1.5 mM IBA (Seong and Song,
2008). M3 callus induction medium contained
10 mM TDZ and 2.65 mM NAA, whereas M3
shoot induction medium was supplemented
with 1 mM NAA and 4.4 mM BA (Smolka
et al., 2009).

Preliminary experiment. In a preliminary
experiment, the effect of light/dark conditions,
gelling agent, ethylene inhibitor silver thiosul-
fate (STS), and medium used was examined
to determine the basic conditions for regener-
ation. Regeneration frequency was assessed
after 6 weeks of culture.
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Effect of light–dark pretreatments. Leaf
segments placed on M1, M2, and M3 regener-
ation media were pre-treated with either a 16-h
photoperiod or complete darkness for 3 weeks
before transferring to a 16-h photoperiod. To
assess the impact of light–dark pre-treatments,
three petri dishes, with 30 leaf explants (15
adaxial + 15 abaxial) each, were prepared for
each of the treatments (light or dark) for each
medium (M1, M2, and M3). The experiment
was repeated once.

Effect of gelling agent. Young expanding
leaves from shoots cultured on SM medium
were placed onto regeneration media gelled
with 0.7% agar or 0.25% gellan gum (Sigma
PhytagelTM Cat. No. P8169). For each gelling
agent, two petri dishes containing 30 leaf
explants (15 adaxial + 15 abaxial) for each
medium (M1 and M2) were used and the
experiment was repeated twice.

Effect of ethylene inhibitors. Leaves of
‘Golden Delicious’ and ‘Melrose’ shoots were
cultured on M1 and M2 regeneration media
supplemented with 0, 30, 60, or 120 mM STS.
STS stock solution was prepared by mixing
a 0.465 mM AgNO3 solution with a 1.865 mM

NaS2O3 solution (ratio 1:4) following proce-
dures described by Burgos and Alburquerque
(2003). STS was filter-sterilized and added to
the culture medium after autoclaving. Each
treatment was performed in two petri dishes
containing 30 leaf explants (15 adaxial + 15
abaxial) for each medium used (M1 and M2)
and the experiment was repeated twice.

In preliminary experiments, the influence of
media, gelling agent, and STS on regeneration
frequency was assessed after 6 weeks of culture
on M1–M3 media.

Regeneration experiment. After prelimi-
nary tests, in a further regeneration experiment,
the influence of cultivar, medium, and explant
orientation was studied. Explants were cultured
on M1 and M2 regeneration medium using
agar as a gelling agent and a 3-week dark pre-
treatment. For shoot regeneration, two petri
dishes were evaluated for each treatment with
15 adaxially and 15 abaxially placed leaf
segments per dish (n = 30). The experiment
was repeated twice. Data collected from these
experiments included callus formation, regen-
eration frequency, and the number of shoots
per explant. Regeneration frequency was pre-
sented as the percentage of explants that
produced at least one shoot assessed after
6 weeks of culture on regeneration media M1
and M2. Mean number of shoots per explant
was calculated as the total number of regen-
erated shoots recorded after 8 weeks of culture
on regeneration media divided by the number
of regenerating explants in each replicate. An
index of shoot-forming capacity (SFC) was
used to evaluate cumulative effects of the mean
shoot number and frequency of regeneration
and was calculated as follows: SFC = (mean
number of shoots per regenerating leaf sec-
tion) · (% of regenerating sections) O 100.

Multiplication of regenerated shoots,
rooting, and acclimatization. Shoots (�5 to
8 mm long) regenerated from leaf segments on
M1 and M2 medium were separated and trans-
ferred onto SM medium for 6 weeks. After this

period, when shoots attained a 2 to 3 cm
length, multiplication rate was calculated on
the basis of the number of propagules derived
from one shoot cluster. Necrotic and decayed
shoots were removed from the clusters before
transferring to fresh medium. For shoot mul-
tiplication, each treatment consisted of five
replicates with five samples (n = 25).

Healthy and green shoots were separated
from shoot clusters and placed individually on
rooting MS medium with IBA or NAA at 0,
2.5, 5, or 10 mM. Ten shoots in two replicates
were evaluated in each rooting treatment.
Cultures were initially kept in the dark for
5 d followed by 2 d of a 16-h photoperiod,
after which the shoots were transferred onto
plant growth regulator (PGR)-free MS me-
dium and cultured in the light for 4 to 6 weeks
until roots reached an �3- 7-cm length.

Rooted plantlets were rinsed with running
tap water to remove adhered agar and then
transferred to plastic pots (50 · 14 · 16 cm)
containing a soil–sand 3:1 (v/v) mixture. The
pots with plants were covered with glass panel
to preserve high moisture and cultivated in
a greenhouse. After 2 weeks the glass covering
was removed and the plantlets were cultivated
under greenhouse conditions (27 �C day, 20 �C
night, 16-h daylength, and 70% relative
humidity) with occasional watering for another
2 months.

Statistical analysis. In all treatments, cul-
tures were placed in a completely randomized
design. Percentage data were subjected to an-
gular transformation and mean shoot number
data to square root transformation before analy-
sis. The data were subjected to standard factorial
analysis of variance. For shoot regeneration, the
means were separated using Fisher’s least sig-
nificant difference test at P # 0.05, whereas for
shoot multiplication, t test was used. For pre-
sentation, the data were inversely transformed.

Results and Discussion

Preliminary experiments. Preliminary ex-
periments were performed to postulate the basic
conditions for efficient regeneration from leaf
explants of ‘Golden Delicious’ and ‘Melrose’.
The parameters known to generally affect shoot
regeneration in fruit tree species were evalu-
ated, including light or dark conditions, gelling
agent, and ethylene inhibitor in three media
indicated as optimal for regeneration of other
apple cultivars (Maheswaran et al., 2007; Seong
and Song, 2008) and apple rootstock M26
(Smolka et al., 2009). We found that 46.7% of
adaxial explants and 75.0% of abaxial explants
of ‘Melrose’ and 62.7% of both adaxial and
abaxial explants of ‘Golden Delicious’ cultured
under light conditions produced calli indepen-
dently of the culture medium used. These green
or green–red calli were compact, hard, and
never produced shoots. After prolonged incu-
bation in the light, the explants became brown-
ish and finally died. However, almost 100% of
dark-pretreated explants of both cultivars pro-
duced calli mainly formed on cut edges of ex-
plants or along the midribs. Calli induced on M1
and M2 medium were small-sized (�3 · 3 mm),
spongy, and pale green. Prior incubation in the

dark proved to be a key factor for regeneration
from leaf explants in both ‘Golden Delicious’
and ‘Melrose’. The dark treatment was reported
to promote organogenesis in various fruit tree
species, including apple (Famiani et al., 1994;
Fasolo et al., 1989; Liu et al., 1983; Magyar-
Tábori et al., 2010; Predieri and Fasolo, 1989),
because it can increase the endogenous auxin
levels (Korban et al., 1992; Miguel et al., 1996)
and reduce the cell wall thickness thus facilitat-
ing translocation of PGRs (Herman and Hess,
1963). Recently, Dobránszki and Teixeira da
Silva (2011) have reported that light delayed
callus formation from thin cell layers in two
apple cultivars, Royal gala and Freedom, but
the effect on shoot regeneration ability was
strongly influenced by genotype and in difficult-
to-regenerate cultivar Freedom shoot develop-
ment was completely inhibited by light.

The calli of ‘Golden Delicious’ and ‘Melrose’
started to regenerate buds even during the in-
duction period in the dark. A week after trans-
fer to the light, small globular or leafy shoots
were clearly visible on the calli (Fig. 1A),
whereas some were formed directly from leaf
tissue (Fig. 1B). Direct organogenesis from
apple tissues was earlier reported by Belaizi
et al. (1991), Dufour (1990), and Pawlicki and
Welander (1994).

In both ‘Melrose’ and ‘Golden Delicious’,
regardless of the orientation of the explants,
�50% of all explants cultured on M1 me-
dium for 6 weeks were regenerative, whereas
significantly higher regeneration frequency
was recorded in explants cultured on M2
medium (71.3% and 82.7%, respectively).
Obtained regeneration frequencies are com-
parable with the range of the higher frequen-
cies reported for different apple cultivars (see
review by Magyar-Tábori et al., 2010). Calli
formed on leaf explants cultured on M3
callus induction medium were significantly
more voluminous than those induced on M1
and M2 media, soft and whitish. On transfer
onto M3 regeneration medium, explants did
not form shoots, regardless of photoperiod
regime. Thus, M3 medium was shown to be
unfavorable for shoot induction of examined
cultivars and was therefore excluded from
further experimentation.

In addition to the dark regime, which was
an essential factor for organogenesis, the re-
generation frequency was affected by different
gelling agents; agar vs. gellan gum (PhytagelTM)
was used (Fig. 2A–B). Contrary to reports in
which gellan gum was a better choice con-
cerning regeneration of fruit tree species
(Abdollahi et al., 2006; Chevreau et al., 1997),
in the present study, the highest regeneration
frequencies in both ‘Melrose’ (96.6%, Fig.
2A) and ‘Golden Delicious’ (87.4%, Fig. 2B)
were achieved on M2 medium solidified with
agar as the gelling agent. Agar also proved to
be a better gelling agent for efficient transfor-
mation in ‘Golden Delicious’ (Sriskindarajah
et al., 1994). Moreover, the use of gellan gum
increased the occurrence of hyperhydricity
from approximately threefold in ‘Golden
Delicious’ (16.5% on M1 and 22% on M2
compared with 5.0% and 7.5%, respec-
tively, on agar medium) up to almost 90%
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in ‘Melrose’. A similar phenomenon of
increasing hyperhydricity (36.9%) of
shoots regenerated on agar + Gerlite com-
bination compared with agar medium
(0%) was obtained in ‘Goldspur’ apple culti-
var (Viršček-Marn et al., 1999).

The addition of the ethylene inhibitor STS
at 30 mM did not have a significant effect on
regeneration frequency in ‘Melrose’ on either
M1 or M2 medium, whereas a slight increase
in regeneration frequency of ‘Golden De-
licious’ explants cultured on M1 medium was
statistically insignificant (data not shown). A
further increase of STS concentration up to
120 mM decreased the frequency of regener-
ation in both apple cultivars.

Using agar as a gelling agent in combina-
tion with dark pretreatment, the regeneration
in both cultivars Golden Delicious and Mel-
rose was achieved when the same medium,
M1 or M2, was used for both callus induction
and shoot regeneration. Both media contained
TDZ, which was reported as the most potent
cytokinin for apple regeneration (Magyar-
Tábori et al., 2010).

Regeneration from leaf explants using M1
and M2 media. After preliminary tests, the
influence of genotype, explant part, and orien-
tation was assessed on M1 and M2 regenera-
tion media using agar as the gelling agent and
a 3-week dark pre-treatment to find the best
combination for regeneration of each cultivar.
After 3 weeks of culture in the dark, followed
by 1-week culture in the light, 95% to 100%

of the explants of both cultivars produced
calli on M1 and M2 media independently of
the leaf part or its orientation (Table 1). After
6 weeks of culture on the regeneration me-
dium, the percentage of regenerating calli
designated as regeneration frequency was
scored. According to analysis of variance
(ANOVA) performed within the same culti-
var, it depended on medium used and explant
orientation in ‘Melrose’, whereas in ‘Golden
Delicious’ medium, explant orientation as
well as interaction of medium · explant
orientation significantly affect this trait. For
both cultivars, M2 medium was superior for
frequency of regeneration, reaching nearly
100% in the best combinations (Table 1).
However, the efficiency of regeneration de-
pends not only on the medium used, but also
on the orientation of explant on the culture
media. Leaf explants can be cultured with
either the abaxial or adaxial surface in con-
tact with the medium (George, 1993) and
differences between ‘Golden Delicious’ and
‘Melrose’ were found in explant orientation.
The highest regeneration frequency (97.4%)
was achieved in cultivar Melrose when the
leaf adaxial side was in contact with the
culture medium (Fig. 1C), whereas in ‘Golden
Delicious’, the best regeneration response in
the same percentage (97.4%) was obtained
from explants oriented with the abaxial side
down (Fig. 1D) (Table 1). According to Fisher’s
least significant difference test, no significant
differences in regeneration frequency among

leaf parts 1, 2, and 3 were observed (Table 1).
This observation is opposite to that reported
by Yepes and Aldwinckle (1994) that the
regeneration capacity increased dramatically
from the tip toward the base of the leaf and
was higher from the middle to the proximal
end.

When cultivar was included in the ANOVA,
this analysis indicated a strong influence
of cultivar and culture medium on the mean
number of shoots regenerated per explant. The
regeneration was further influenced signifi-
cantly by the explant orientation as well as by
the interactions cultivar · explant orientation
and cultivar · medium · explant orientation.
The differences between cultivars were more
pronounced when comparing the mean number
of shoots regenerated per explant than regen-
eration frequencies. Performed within the same
cultivar, ANOVA showed a significant effect
of the same factors influenced regeneration
frequency, i.e., medium and explant orienta-
tion for ‘Melrose’, and medium, explant ori-
entation, and medium · explant orientation for
‘Golden Delicious’. In cultivar Melrose, the
highest number of shoots per explant was re-
generated from leaf parts 1 and 2 (10.58 and
11.75, respectively) with the adaxial surface in
contact with M2 medium (Table 1). In ‘Golden
Delicious’, the maximum number of shoots
obtained from explants placed with the ab-
axial side in contact with the M2 medium was
almost twice lower compared with cv. Melrose
(Table 1). Consequently, the best SFC index
ranged from 6.30 in ‘Golden Delicious’ up to
11.44 in ‘Melrose’.

In both cultivars, M2 medium proved to
be more effective for regeneration than M1,
probably as a result of the higher concentration
of TDZ contained in M2 (22 mM) compared
with M1 (3 mM). The optimal TDZ concen-
tration depended on genotype. Thus, ‘Golden
Delicious’ and ‘Melrose’ can be classified into
a group of apple cultivars that prefers higher
levels (greater than 10.0 mM) of TDZ along
with ‘M7’, ‘Paladino Spur McIntosh’, ‘Macspur’,
‘Gala’, and ‘Strakrimson’ (Magyar-Tábori et al.,
2010). However, the efficiency was dependent
on the cultivar and ‘Golden Delicious’ showed
almost a twofold lower regeneration ability
than ‘Melrose’. Using the current protocol in-
cluding M2 medium, successfully used in trans-
formation of ‘Fuji’ apple plants (Seong and
Song, 2008), the regeneration frequency
of ‘Golden Delicious’ leaf explants was sig-
nificantly improved (97.4%) compared with
previously reported protocols for the same
cultivar (from �4% to 73%) using MS me-
dium supplemented with 10 or 25 mM, 1 mM,
4 mM, and 0.91 mM TDZ (Dufour, 1990;
Theiler-Hedtrich and Theiler-Hedtrich, 1990;
Korban et al., 1992; Viršček-Marn et al., 1999,
respectively). Using modified MS regenera-
tion medium containing 0.9 mM TDZ and
0.5 mM IBA, and by application of the two
phosphatase inhibitors, Grafe and Wricke
(1998) were able to improve the regenera-
tion response of ‘Golden Delicious’ primary
leaf explants only up to 70%. Differences
between our and previously published results
may be the result of differences in the applied

Fig. 1. Shoot induction and plant regeneration from leaf explants of apple cultivars Melrose and Golden
Delicious (A) buds regenerating from callus tissue formed on ‘Melrose’ leaf explant cultivated on M2
medium when transferred to the light after 3 weeks of pre-incubation in dark; (B) buds formed directly
on the adaxial surface of the ‘Melrose’ leaf explant; (C–D) regenerating shoots on the adaxial (Ad) and
abaxial (Ab) surface of the leaf explants of cv. Melrose (C) and Golden Delicious (D) after 8 weeks of
culture on M2 medium; (E–F) rooted shoots of cv. Melrose (E) and Golden Delicious (F) initially
cultivated on MS medium with 10 mM and 2.5 mM IBA, respectively, after 6 weeks of culture on MS
plant growth regulator-free medium; (G) acclimatized plantlets cultivated in a greenhouse. MS =
Murashige and Skoog; IBA = indole-3-butyric acid.
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TDZ concentrations because we used M2
medium that contained much higher TDZ
concentration (22 mM). This concentration
has not proved detrimental and the majority
of shoots regenerated were healthy, green, and
morphologically normal (Fig. 1C–F). The
hyperhydration was usually reported as a fre-
quent problem during shoot regeneration from
leaf explants in many fruit trees, including
apple (Dobránszki et al., 2002; Magyar-Tábori
et al., 2010), especially if TDZ at higher
concentration was used in regeneration me-
dium. In our work, the hyperhydrated shoots
were also observed but were not severe and
ranged from 5.5% (M1) to 7.3% (M2) in
‘Golden Delicious’ and from 6.8% (M1) to
11.1% (M2) in ‘Melrose’. The hyperhydrated

shoots were discarded and only healthy
shoots were transferred to the subsequent
multiplication medium.

Effect of regeneration media on subsequent
shoot multiplication. Regeneration medium
M2 not only had a positive effect on regener-
ation from leaf explants, but also significantly
affected subsequent shoot multiplication (Fig.
3) on SM medium. The shoot multiplication
rate in both cultivars was almost twice higher
when initially M2 regeneration medium was
used compared with M1. This effect was sus-
tained in three subsequent subcultures. These
findings were in agreement with the previous
reports showing that medium on which source
explants were cultured had a significant influ-
ence on subsequent regeneration (Antonelli and

Druart, 1990; Burgos and Alburquerque,
2003).

Rooting and acclimatization. Individual
adventitious shoots that reached 2 to 3 cm in
length were separated from shoot clusters and
placed onto rooting MS media containing
IBA or NAA at 0, 2.5, 5, or 10 mM. No roots
were induced on PGR-free MS medium.
ANOVA indicated that cultivar and medium
as well as cultivar · medium interaction
significantly affected the rooting percentage,
whereas mean number of roots per shoot and
root length are cultivar- and medium-dependent.
The highest percentage of root induction
(74.3%) in ‘Golden Delicious’ shoots was
obtained on the medium initially containing
2.5 mM IBA (Table 2), which is in accordance

Fig. 2. Effect of gelling agent (Agar or PhytagelTM) on frequency of adventitious shoot regeneration from adaxial (Ad) and abaxial (Ab) surface of leaf explants of
‘Melrose’ (A) and ‘Golden Delicious’ (B). The explants were cultured for 6 weeks on M1 or M2 regeneration media. The values are means (± SE) of two
replicates with 30 explants each. Different letters denote significant differences at P # 0.05 according to Fisher’s least significant difference test.

Table 1. Effect of leaf fragments, orientation, and regeneration medium (M1 or M2) on callus formation and multiple shoot regeneration in apple cultivars Melrose
and Golden Delicious.z

Cultivar Medium
Explant

orientation
Leaf

fragment
Callus

formation (%)
Regeneration
frequency (%)

Mean no. of shoots
per explant

Shoot-forming
capacity (SFC)

Melrose M1 Aby 1w 100 18.4 ± 1.8 c 0.28 ± 0.04 e 0.05
M1 Ab 2 95 44.8 ± 2.3 bc 0.56 ± 0.06 de 0.25
M1 Ab 3 95 39.0 ± 4.4 bc 0.75 ± 0.07 cde 1.72
M1 Adx 1 100 75.2 ± 0.3 ab 2.96 ± 0.06 b 2.23
M1 Ad 2 100 75.2 ± 0.3 ab 2.82 ± 0.07 bc 2.12
M1 Ad 3 95 65.1 ± 0.3 abc 2.18 ± 0.07 bcd 1.42
M2 Ab 1 100 50.0 ± 1.0 bc 4.99 ± 0.17 b 2.50
M2 Ab 2 100 60.2 ± 1.1 abc 2.71 ± 0.11 bc 1.63
M2 Ab 3 95 65.1 ± 0.3 abc 4.06 ± 0.13 b 2.64
M2 Ad 1 100 94.7 ± 5.3 a 10.58 ± 0.09 a 10.02
M2 Ad 2 100 97.4 ± 2.6 a 11.75 ± 0.07 a 11.44
M2 Ad 3 95 75.2 ± 0.3 ab 4.99 ± 0.12 b 3.75

Golden Delicious M1 Ab 1 95 70.0 ± 0.0 bcd 1.27 ± 0.04 cdef 0.89
M1 Ab 2 100 39.8 ± 1.1 d 0.42 ± 0.04 f 0.17
M1 Ab 3 100 45.0 ± 0.3 cd 0.69 ± 0.05 ef 0.31
M1 Ad 1 100 50.0 ± 0.0 cd 1.05 ± 0.06 def 0.53
M1 Ad 2 100 44.8 ± 2.3 cd 0.45 ± 0.03 f 0.20
M1 Ad 3 100 55.0 ± 0.3 bcd 0.74 ± 0.05 ef 0.41
M2 Ab 1 100 97.4 ± 2.6 a 5.44 ± 0.04 a 5.30
M2 Ab 2 100 97.4 ± 2.6 a 5.06 ± 0.04 ab 4.93
M2 Ab 3 100 97.4 ± 2.6 a 6.47 ± 0.05 a 6.30
M2 Ad 1 100 81.0 ± 1.7 ab 2.93 ± 0.05 bc 2.37
M2 Ad 2 100 75.2 ± 0.3 bc 2.42 ± 0.06 cd 1.82
M2 Ad 3 100 60.0 ± 0.0 bcd 1.98 ± 0.08 cde 1.19

zExplants were cultured first 3 weeks in the dark and the rest of the time in the light. The values are the means (± SE) of two replicates with 30 explants each. Means
within a column within the same cultivar followed by different letters were statistically significant at P # 0.05 according to Fisher’s least significant difference
test.
yAbaxial leaf surface in contact with the medium.
xAdaxial leaf surface in contact with the medium.
wLeaves were cut transversely across the midrib into three pieces proximal, middle, and distal designated as 1, 2, and 3, respectively.
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with the earlier reports (Belaizi et al., 1991;
Liu et al., 1983; Sriskindarajah et al., 1994)
where 65% to 80% of rooting was achieved
using reduced MS supplemented with 15%
sucrose and 1.5 to 9.8 mM IBA. The rooting
ability was cultivar-dependent and ‘Golden
Delicious’ was found to be easy to root in
vitro (greater than 70% rooting; reviewed by
Dobránszki and Teixeira da Silva, 2010). The
rooting percentage decreased as IBA concen-
tration increased, which has also been ob-
served in ‘M.26’ (Magyar-Tábori et al.,
2002), whereas a similar decreasing trend
when NAA was used has not been observed
(Table 2). In this cultivar, on average, three
roots 3.5 to 13.5 cm long were formed per
shoot (Table 2). Otherwise, ‘Melrose’ could
be characterized as moderate to root in vitro,
which displayed the highest rooting potential
(62.1%) on rooting medium containing 10 mM
IBA, in which an average of 2.4 roots (2 to 7
cm long) were formed per shoot (Table 2).
Although auxins and genotype are the most
important factors influencing in vitro rooting,
cytokinin content of the regeneration media
can also significantly affect rooting ability of

in vitro apple shoots (Magyar-Tábori et al.,
2011; Marin et al., 1993; Webster and Jones,
1991). TDZ, especially at high concentra-
tion, is known to inhibit the rooting of re-
generated shoots (Magyar-Tábori et al., 2011;
van Nieuwkerk et al., 1986). Comparing the
rooting potential of shoots regenerated on
M1 and M2 media, a nonsignificant dif-
ference between them was found and there-
fore the results of rooting presented in Table 2
are pooled. Additionally, successful rooting
results obtained for both cultivars Golden
Delicious and Melrose, although they regen-
erated initially on TDZ-containing media,
could be the result of insertion of a 6-week-
long multiplication phase on SM medium
containing 2.2 mM BA and 0.26 mM NAA.
The successful rooting and acclimatization
after subculture of regenerated shoots on
proliferation media and similar rooting rate
as micropropagated shoots have already
been reported for various apple cultivars
(Dufour, 1990; Magyar-Tábori et al., 2011;
Yao et al., 1995) and rootstocks (Pawlicki and
Welander 1994; Sedira et al., 2001; Zhu et al.,
2001).

Plantlets with well-developed roots (Fig.
1E–F) were successfully acclimatized in
pots (Fig. 1G) with a survival frequency of
89% for ‘Golden Delicious’ and 74% for
‘Melrose’.

Our results suggest that shoot regenera-
tion from apple leaf explants was highly
influenced by genotype, culture medium,
explant orientation, and by a combination of
these factors. The best regeneration response
was obtained when ‘Golden Delicious’ ex-
plants were placed abaxially and ‘Melrose’
adaxially onto M2 regeneration medium con-
taining 22 mM TDZ and 1.5 mM IBA with
0.7% agar and preincubated in the dark for 3
weeks at the onset of regeneration. Under these
conditions, a maximal index of shoot-forming
capacity of 11.44 in ‘Melrose’ and of 6.30 in
‘Golden Delicious’ was achieved. Moreover,
M2 medium significantly increased subse-
quent shoot multiplication rate.

By optimizing the examined parameters,
we were able to improve the regeneration
frequency in ‘Golden Delicious’ and to es-
tablish an efficient regeneration protocol in
‘Melrose’. This highly efficient regeneration
system will be applied toward the develop-
ment of a genetic transformation protocol
aimed at further improvement of disease
resistance in these important apple cultivars.
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Dobránszki, J. and J.A. Teixeira da Silva. 2010.
Micropropagation of apple—A review. Bio-
technol. Adv. 28:462–488.
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Viršček-Marn, M., B. Bohanec, and B. Javornik.
1999. Adventitious shoot regeneration from
apple leaves: Optimisation of the protocol and
assessment of genetic variation among regen-
erants. Phyton (Horn) 39:61–70.

Webster, C.A. and O.P. Jones. 1991. Micropro-
pagation of some cold-hardy dwarfing root-
stocks for apple. J. Hort. Sci. Biotechnol.
66:1–6.

Yao, J.L., D. Atkinson, R. Richardson, and K.
Morris. 1995. Regeneration of transgenic plants
from the commercial apple cultivar Royal Gala.
Plant Cell Rpt. 14:407–412.

Yepes, L.M. and H.S. Aldwinckle. 1994. Factors
that affect leaf regeneration efficiency in apple,
and effect of antibiotics in morphogenesis.
Plant Cell Tiss. Org. Cult. 37:257–269.

Zhu, L.H., A. Holefors, A. Ahlman, Z.T. Xue, and
M. Welander. 2001. Transformation of the
apple rootstock M.9/29 with rolB gene and its
influence on rooting and growth. Plant Sci.
160:433–439.

1122 HORTSCIENCE VOL. 47(8) AUGUST 2012


