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*) Source of variation as described previously in text.
The Ki values varied due to missing data but were equal to or less than the following: K1 = 3, 
K2 = 17, K3 = 6, K4 = 33, K5 = 6, K6 = 12, K7 = 32, K9 = 64. For THOMAS et al., 1997b: K1 = 2,
K2 = 8, K3 = 4, K4 = 16, K5 = 4, K6 = 8, K7 = 16, K9 = 32.
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Summary

Embryos of Juglans regia originating from elite trees, select-
ed for their wood quality were cultured on DKW medium
supplemented with 4.44 µM 6-benzylaminopurine (BA) and
0.005 µM indole-3-butyric acid (IBA). Results on the effects of
cytokinin (BA) and auxin (IBA) on shoot development indicated
that elongation is enhanced with 2.22 µM BA while the forma-
tion of new axillary shoots is favored by 4.44 µM BA and 
0.005 µM IBA. It was, also, observed that different genotypes
had different requirements for growth regulators.

Significant differences were observed among the multiplica-
tion rates of twelve different clones of J. regia. The effect of
genotype is obvious in the rooting phase, as well. Some clones
exhibit high rooting ability (95%) and some low (5%).
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rooting.
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Introduction

Persian walnut (Juglans regia) is a valuable cultivated
forest species of economic importance both for the production of
nuts and wood and according to MALVOLTI et al., (1994), great
variation, has been observed, in morphological and biochemical
characters among distinct geographic ecotypes. At present,

although, the tree improvement programmes for Juglans
species have made some progress (e.g. new promising clones
and varieties have been produced) problems in vegetative
propagation of selected walnut trees are holding back the
improvement of the species and thereby their wider use (ZOBEL

and TALBERT, 1984).

Generally, the most popular way of walnut vegetative
propagation is that of grafting which is, however, labor-
intensive, time-consuming and costly. On the other hand,
propagation by cuttings is very difficult due to their low rooting
ability (MCGRANAHAN et al., 1988; LAND and CUNNINGHAM,
1994).

In the last decade, other more sophisticated techniques
(micropropagation, embryogenesis etc.) have been investigated
for the successful large scale propagation of walnut. RODRIGUEZ

and SANCHEZ-TAMES (1981) and RODRIGUEZ (1982a, b) were
among the first to report establishment of walnut cultures in
vitro and to describe the development ol shoots or roots from
cultured walnut embryos. Later, a large amount of work was
conducted on different walnut species using different types of
explants, media, culture conditions and rooting techniques,
with encouraging results (JAY-ALLEMAND and CORNU, 1986;
GRUSELLE et al., 1987; CORNU and JAY-ALLEMAND, 1989; 
JAY-ALLEMAND et al., 1992).

Most of the above work was based on a medium developed by
DRIVER and KUNIYUKI (1984) (DKW medium) for the in vitro
culture of Juglans spp..
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As it is well known, genotype plays a major role in all phases
of vegetative propagation (BROWN, 1981; HARTMAN and KESTER,
1983; PANETSOS et al., 1987, HAISSIG and RIEMENSCHNEIDER,
1988; FOSTER, 1990; ZSUFFA et al., 1993; LEAKEY et al., 1994;
LAND and CUNNINGHAM, 1994). In particular, for micropropaga-
tion HORGAN (1987), emphasised the fact that different clones
of P. radiata react differently to the various steps of 
micropropagation (establishment, proliferation, rooting) and
SCALTSOYIANNES et al., (1994) reported that genotype deter-
mines the rooting ability of microshoots of the pine hybrid
Pinus brutia (TEN.) x Pinus halepensis (MILL.). Also, as for
hardwoods, AHUJA and MUHS (1982), AHUJA (1983), ERNST

(1993), COLEMAN and ERNST (1989) reported that shoot
regeneration ability of different Populus clones, is genotype
dependent. CORNU and CHAIX (1981) found a positive correla-
tion between rooting ability of microshoots and clone of Prunus
avium.

The present work investigates the effect of genotype on shoot
regeneration and rooting ability among different clones of
Juglans regia (persian walnut) in vitro.

Materials and Methods

Origin of plant material: open pollinated nuts from two
individuals (Plemiana 1 and Plemiana 2 named by the prefixes
P and S, respectively), selected for their wood quality were
collected in the autumn of 1993 from west Crete and stored at
room temperature.

Surface sterilisation: the nuts were cracked and the kernels
were immersed in NaOCl (1.0 % w/v) for 5 min followed by 75%
v/v EtOH for another 5 min and were rinsed three times in
sterile distilled water. Finally embryos were carefully isolated
from the kernels.

For establishment, multiplication and rooting, the protocol
described by JAY-ALLEMAND et al. (1992) was followed. Thus,
embryos were established on DKW medium supplemented with
4.44 µM BA and were incubated in a growth chamber in
darkness. After three weeks germinated embryos were
transferred to DKW medium supplemented with 4.44 µM BA
and 0.005 µM IBA for multiplication, through axillary shoot
production. Cultures were incubated at 27°C ± 1°C with 16 h
photoperiod under cool white fluorescent lamps (55 to 
65 µE.m–2.s–1). Subculturing occurred every four weeks. 

Rooting procedure consisted of two phases: i) root induction
phase: microshoots (4 cm to 5 cm) were established on DKW
medium (1/4 macroelements) supplemented with 24.6 µM IBA
and 40 g.1–1 sucrose (JAY-ALLEMAND et al., 1992) and were kept
in darkness for 6 days at 24°C ± 1°C for 16 hours and 21°C ±
1°C for the remainig 8 hours and ii) initiation phase: the
pretreated shoots were transferred to sterilized vermiculite in
which gelified DKW medium (1/4 macroelements) free of
hormones, was added. Culture conditions were maintained as
in multiplication phase. Rooting percentage and total root
length were recorded after three weeks and then the plantlets
were transferred for acclimatization.

In our experiments DKW medium supplemented with
4.44 µM BA and 0.005 µM IBA was used unless otherwise
stated. When adequate material (microshoots 2 cm in length)
was available, the following experiments were conducted:

a) effect of growth regulators on the production of axillary
shoots and elongation of shoots.

The effects of cytokinin (BA) and auxin (IBA) on shoot
growth of J. regia (mixed clones derived from embryos of
Plemiana 1) were assessed in a 5 x 2 factorial design with 12
replicates in each treatment. Cytokinin (BA) was examined at

0.0 µM, 2.22 µM, 4.44 µM, 8.87 µM and 17.7 µM in combination
with auxin (IBA) at 0.0 µM and 0.005 µM. Elongation, was
measured by the increase in the shoot length during a four-
week period.

b) interaction of genotype and growth regulators.

Because in the previous experiment we had some indications
of the interaction between growth regulators and clone we
decided to repeat the previous experiment on P3 and P7 J. regia
clones. Five replicates in each treatment were used for each
clone. 

c) effect of genotype on the multiplication rate of shoots. 

Multiplication rates of twelve different J. regia (Plemiana 1)
clones were estimated at the end of the fourth subculture
according to the formula described by BEKKAOUI (1986):

multiplication rate % = [(an + 1 –an)/an] x 100

an+1: the number of the newly formed axillary shoots of the
subculture n + 1

an: the number of the newly formed shoots of the subculture n.

d) effect of exposure to auxin on root induction phase. 

Twenty microshoots (4 cm to 5 cm) of each of two J. regia
clones  (P3, P7) were transferred for rooting after their pretreat-
ment for 3 and 6 days in darkness as previously described in
the root induction phase. Then the microshoots were transferr-
ed to the initiation phase.

e) effect of vermiculite size-type on rooting. 

Microshoots (4 cm to 5 cm) of the above clones (P3, P7) after
the induction phase were transferred to the rooting medium
using two size-types of vermiculite (medium-type I and small-
type II). In each treatment, 20 microshoots were used.

f) effect of genotype on rooting ability.

Twenty microshoots (4 cm to 5 cm) of each of ten clones of 
J. regia, eight originating from Plemiana 1 plus tree (P2, P3, P4,
P6, P7, P8, P10, P11) and two from Plemiana 2 plus tree (S2, S8),
were tested for rooting.

Results

The surface sterilization procedure followed was proved to be
efficient and the success of disinfection ranged from 41%
to 100%. After three weeks in darkness at 27°C ± 1°C the
disinfected embryos germinated (35% to 50%). It is worth to
notice that both germination and disinfection seemed to be
family dependent. In our case, although the best reaction was
observed for the nuts originating from Plemiana 2 plus tree,
only two clones remained in culture due to an unexpected
accident in our facilities. Hypocotyls were swollen and the
obtained adventitious shoots were transferred for multiplica-
tion.

a) In figure 1 the results on the production of new axillary
shoots and elongation of J. regia from Plemiana 1 are shown.
Regarding the number of the newly formed axillary shoots, the
best combination was that of 4.44 µM BA and 0.005 µM IBA
that produced an average of 4.17 new axillary shoots per
explant in a period of four weeks.

Athough, higher concentrations of BA, i.e. 8.87 µM and
17.7 µM BA in conjunction or not with 0.005 µM IBA gave
similar or better response, vitrified shoots appeared and their
subsequent development was problematic.

As for the elongation, it seems that the best combinations of
growth regulators were those of 2.22 µM BA alone or in
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Figure 1. – Effect of growth regulators on elongation and production of new axillary shoots /explant of mixed
Juglans regia clones (Plemiana 1) in a period of 4 weeks on DKW medium. � elongation (cm) � number of new
axillary shoots /explant.

Figure 2. – Effect of growth regulators on elongation of two Juglans regia clones (P7, P3) of Plemiana 1 in a
period of 4 weeks on DKW medium.

conjunction with 0.005 µM IBA that resulted in 2.91 cm and 
2.9 cm increase in length, respectively.

b) In figures 2 and 3 the effect of genotype on elongation and
production of newly formed shoots is presented. In particular,
the most elongation for clone P3 (3.68 cm) was obtained when
the medium was supplemented with the combination of
2.22 µM BA and 0.005 µM IBA whereas for clone P7 (3.04 cm)
in a hormone-free medium. As for the production of axillary
shoots, for clone P3 the highest production was achieved with
the combination of 8.88 µM BA and 0.0 µM IBA while for clone
P7 with that of 4.44 µM BA and 0.005 µM IBA (4.0 and 5.4 new
axillary shoots per explant, respectively).

c) The different clone reaction in a specific combination of
growth regulators was, also, confirmed by the results of the

multiplication rate experiment on different J. regia clones,
originating from Crete (Plemiana 1) which are shown in
figure 4. Among the twelve clones, studied, significant differ-
ences were observed for their multiplication rates. Although
most of them ranged from 150 to 460 axillary shoots per 100
explants, there was one, P5, with a low multiplication rate and
another, P6, with a high rate (Fig. 5).

d) Different response in rooting of the two clones (P3, P7)
tested, was observed for 3 and 6 day pretreatment in auxin.
These results indicated that the exposure time of the micro-
shoots to auxin (IBA) is very crucial for their subsequent
response to rooting since for both clones, rooting and secondary
root formation were enhanced with the six day auxin treatment
(Table 1).
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Figure 3. – Effect of growth regulators on production of new axillary shoots of two Juglans regia clones (P7, P3) of
Plemiana 1 in a period of 4 weeks on DKW medium.

Figure 4. – Multiplication rates*) of 12 J. regia clones (Plemiana 1) at the end of the fourth subcul-
ture cultured on DKW medium supplemented with 4.44 µM BA and 0.005 µM IBA.

*) Multiplication rate according to BEKKAOUI, (1986): the increase of new axillary shoots /100 explants
in 2 successive subcultures.

e) Between the two size-types of vermiculite (medium-type I
and small-type II) that were tested, the medium size promoted
both microshoot rooting percentage and the quality of the root
system as it is shown in table 2.

f) Great variation on rooting percentage, and total root
length was observed among 10 J. regia clones. Although the
average rooting ability was moderate (44%) some clones
showed low rooting ability, e. g. P4 (5%) whereas others such as
P3 showed high rooting ability (95%) (Fig. 7).

It should be mentioned that clones with low rooting ability
developed fewer but longer roots compared with the high
rooting ability clones which formed many main and secondary
roots.

Discussion

Juglans regia clones originating from two half-sib families,
(Plemiana 1 and Plemiana 2 plus trees) were tested for
establishment, multiplication and rooting in vitro. Both plus
trees were selected for their excellent performance in desired
characteristics such as fast growth, wood quality, etc. and due
to the fact that both of them seem to posess high general
combining ability in the field test (unpublised data) we decided
to investigate the behaviour of their families in vitro. Because
both trees were surrounded by other individuals we assumed
that selfing was restricted.

As it is indicated by the results of figure 1 for elongation and
production of new axillary shoots the best combination of
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Figure 5. – A clone (P6) with a high multiplication rate in vitro on DKW medium supplement-
ed with 4.44 µM BA and 0.005 µM IBA.

Table 1. – Effect of duration of exposure to auxin (3 and 6 days, in darkness) on subsequent
rooting of J. regia clones (P3, P7) cultured on DKW medium (1/4 macroelements) supple-
mented with 24.6 µM IBA and 40g. 1–1 sucrose.

Mean number ± SE. Sample size 20.

Table 2. – Effect of vermiculite size-type (I, II) on rooting of P3 and P7 J. regia clones
cultured on DKW medium (1/4 macroelements) free of hormones.

growth regulators was that of 4.44 µM BA and 0.005 µM IBA.
These results are in agreement with those of GRUSELLE and
BOXUS (1990), who reported that the optimum shoot regenera-
tion in vitro was achieved on DKW medium supplemented with
BA (3.55 µM to 4.44 µM). The same authors, also, stated that
the proliferation rates of J. regia remain relatively stable in
the first four subcultures. In our case, high concentrations of
BA (> 4.44 µM) caused the appearance of vitrified shoots.
Similarly, REVILLA et al., (1989) reported vitrification problems
in vitro on J. regia shoots, when high concentrations of BA
(> 8.87 µM) were applied.

Although, the clones that were tested for multiplication
originated from one family (Plemiana 1) great variation was
observed (figure 4). The above seem to verify the findings of
JAY-ALLEMAND (personal communication), who, also, noticed
different multiplication rates for various genotypes of the
hybrid J. nigra x J. regia. Other workers (AHUYA and MUHS,
1982; Ahuja, 1983; ERNST, 1993; COLEMAN and ERNST, 1989)
reported that shoot regeneration ability of different Populus
clones, is genotype depended, as well.

Great differences among clones were noticed in rooting.
Some clones exhibited high rooting percentage (P3 95%) and

Mean number ± SE. Sample size 20.
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Figure 6. – Rooting percentage and total root lenght of 10 Juglans regia clones (Plemiana 1) cultured
for 3 weeks on vermiculite (type I) gelified with DKW medium (1/4 macroelements) free of hormones.

Figure 7. – Plantlets of J. regia (clone P3) with good quality rooting
system rooted on vermiculite (type I) gelified with DKW medium.

some others low (P4 5%). The effect of genotype on rooting was,
also, reported by other researchers in different plant species
(conifers and hardwoods) (CORNU and CHAIX, 1981: Cornu et al.,
1981, EVERS et al., 1988; SCALTSOYIANNES et al., 1994).

Walnut is known to accept a high selfing rate besides out-
breeding. In the present work, although, most of the tested
clones belong to the same family great variation was observed
in, both, shoot regeneration and rooting fact that seems to
support our initial assumption that in our case selfing is
restricted.

Concerning the rooting substrate the positive effect of the
medium size vermiculite in rooting was, also, found by JAY-
ALLEMAND et al., (1992), who stated that this is probably due to
the improved (better) aeration of the rooting system achieved
by this type of vermiculite. The same authors noticed that the
pretreatment the hybrid microcuttings (J. nigra x J. regia)
with 24.6 µM IBA for 5 days in darkness is essential for rooting
induction. In our case, the 6-day pretreatment with the same
concentration of IBA was found to enhance subsequent rooting.

As the level of endogenous hormones and peroxidase activity
proved to be useful predictive markers of the rooting
performance (GASPAR et al., 1992, 1994) of micropropagated
shoots, it is in our perspectives to study the possible correlation
between rootability of J. regia clones and the above factors.

The results of the present study and other results on
acclimatisation and the behaviour of new walnut clones in vitro
(data are not presented here) indicate that genotype plays a
crucial role in micropropagation of Juglans regia. Thus, clones
that exhibit good reaction in shoot regeneration and rooting
could be exploited in large-scale propagation.
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Summary 
In the years 1974 to 1976, on the initiative of the Forest

Research Institute in Pushkino, near Moscow, a major Scots
pine experiment was established with 113 provenances over 33
planting sites, well scattered over the whole former USSR.
Basing on reports from co-operating institutions information is
compiled on the provenances used, on the planting sites and on
the mean tree height at latest measurement. Interaction
parameters are calculated and the data on tree heights, 

converted to units of standard deviation from location means,
is plotted onto maps of the locations demonstrating the extent
of genotype environment interaction. The range of the species
in the former USSR can be divided into regions (North-
western, Baltic, Western Continental, Northern Russia,
Central European Russia, Middle Volga, Central Trans-Urals,
Southern fringe, Eastern Siberia), that have characteristic for
them responses to seed transfer in terms of height growth
performance at various locations. Western populations (Baltic


