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AC: activated charcoal
6-BA, BA: 6-benzyladenine
2,4-D: 2,4 dichlorophenoxyacetic acid
GA: gibberellin (in general)
GA3: gibberellic acid 3
HS: Heller's modified standard medium
IAA: indoleacetic acid
IBA: indolebutyric acid
2iP: 2-isopentenyladenine
M & S: Murashige & Skoog's medium
NAA: naphthylacetic acid
r.h.: relative humidity
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1 General introduction

After the oil crisis of 1973, the value of trees as producers of renewable raw material
was reconfirmed. In Western countries, the use of fibres as fuel received renewed atten
tion. The key factor in wood production is the optimalization of propagation methods
in all phases of the process of tree improvement and during plant production. When
choosing between the monoclonal or multiclonal approach, the risks of susceptibility
to disease have to taken into account. In horticulture, micropropagation has proved
to be an efficient method with high multiplication rates. Many of the advantages of
this form of biotechnology hold especially true for trees: an example is the year-round
plant-production period. As often, the state of the art for woody species lags behind
that in floriculture (1) (2). Micropropagation is no exception to this rule. Nonetheless,
methods have been developed to multiply the number of propagules from superior seed
and to propagate outstanding genotypes from buds (3). Techniques adapted to the spe
cific demands of this group of plants (4), i.e. the periodic growth and secondary growth,
have not yet been developed. The Physiology Department of the Dorschkamp Institute
has been working on the micropropagation of forest trees since 1976. The main research
topics are the adaptation of horticultural methods to trees and the design of new methods
to meet the specific needs of certain woody species. The present report is a survey of
the research done from 1983 to 1986 on the genera Pseudotsuga, Alnus, Platanus, Quercus, Salix, Populus and Ulmus. Methods were developed for 4 organ or tissue types:
bud, embryo, meristem and callus. Much attention was paid to the phase preceding
the actual micropropagation; i.e. to mother-tree preconditioning and the topophysis
of buds. The subsequent phases of tissue culture are described for all species, stressing
technological barriers and avoiding the usual attention for only axillary budding.
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2.1

Alnus glutinosa

Introduction

Alnus glutinosa is an important tree species for wet sites in many European coun
tries. The results of using it in short-rotation forestry are promising. Fixation of nitrogen
by the root nodules improves the soil. The use of Alnus as a fibre-producing tree calls
for efficient methods for the vegetative propagation of promising genotypes.
At the Dorschkamp Institute, micropropagation methods that start with buds have
been developed and have proved to be potentially profitable. In ecophysiological re
search, some superior ecotypes have been described. To use these seed families on alter
native growth sites, a method of embryo culture was developed, resulting in many
propagules per seed. Both methods will be described.
2.2

Preparation for tissue culture

Temperature treatment and illumination of parent material
Methods to ascertain availability of buds all the year round were developed by post
poning or hastening bud flushing. To postpone bud flushing, trees were placed in the
dark at -I-1 °C from winter onwards. Plastic was used to protect the trees from drying
out. The maximum delay is until October. Early flushing was obtained by keeping the
trees at +1 °C for 8 weeks from September, followed by a forcing treatment at 20 °C.
The later the trees were transferred to +1 °C, the shorter the cold treatment required.
For embryo culture, seeds were collected from several sources and stored at +4 °C.
Germination was worse after alternative techniques of storage in tests reported in the
literature. A major improvement in germination was obtained by removing seeds with
thick outer coats (visual selection) and by applying a blowing technique developed for
vegetable seed to remove the third fraction with the lowest seed weight.
Topophysis
After applying the described forcing method to the trees in the greenhouse, buds
from the upper and lower part of the crown were observed to be at the same stage of
activity. After isolation, no differences in morphogenesis were found. Terminal buds
developed more slowly than axillary buds. Contamination by endogenous bacteria was
less of a problem in terminal buds. After a few subcultures, axillary budding in explants originating from the lower part of the crown was less than in those from the
upper part.
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Sprays and pulses
To avoid phenomena of rest in the initial phase of culture, a method of spraying mother
trees with BA to boost the bud activity before excision was developed. The concentra
tion of the sprayed solution was determined by the size (age) of the tree. At 5 years
of age, trees were sprayed weekly with 90 mg of BA dissolved in 100 ml of ethanol (50 %).
If the sprays were applied more than 6 times, turgor problems arose in the expanding
buds, probably as a result of dehydration by the solvent. Treatments of parent material
with BA were only effective after the winter period but not after a cold treatment of
8 weeks at +1 °C. The sprays had an interesting side-effect: growth of all the buds
in vivo changed from plagiotropic to a orthotropic habit (Plate 1 and 2).
Expiants were refractory in lack of elongation in the initial culture phases, especially
if they originated from older trees. A pulse treatment with GA3 (1.5 /xmol/1) for 3 hours
before culture or reculture initiated the elongation of the main axes (Plate 7). Pulse
treatments with BA (0.5 mmol/1) with an equal exposure period induced axillary budding
in embryo-derived and bud-derived expiants.
2.3

Initial phase of culture

Explant type
Bud culture was attempted in all age classes of mother trees and proved successful.
The isolated buds in vitro soon relapse into low activity for some months, regardless
of the composition of the nutrient medium: the older the mother tree, the more intense
this rest.* Cold treatments (6-21 days at 6 °C in the dark) were not effective in re
activating morphogenesis.
Meristem culture was applied, using decapitated seedlings to support mother tissue.
The grafted meristems developed into new main axes (Plate 6). This system of micrografting may solve the rooting problems found in material derived from very old trees.
Embryo culture is the most successful tissue culture technique in Alnus. Cotyledons
should not be removed (Plate 3) since this inhibited development. A 4-day period at
6 °C promoted development. On an induction medium (Heller + indole-3-butyricacid
(IBA) 5 /xmol/I, indole-3-acetic acid (IAA), 6-benzyladenine (BA) and 2-isopentenyladenine (2iP), adventitious buds were formed on the edges of the cotyledons, regardless
of the sucrose concentration of the medium. If the regulators that induced growth were
applied as a pulse ('shock' treatment) it was better to reduce embryo activity by reducing
the sucrose concentration from 30 g/1 to 7.5 g/1. Adventitious buds were never observed
on buds from trees. Embryo-derived expiants are the most efficient in axillary budding
and rooting.
Callus was derived from embryos and from leaves obtained from trees on expiants
(Plate 3). Callus proliferated easily in liquid media on a rotary shaker. Attempts to
induce organogenesis failed.

* We use 'rest' if it is not clear whether the lack of activity is physiologically induced (dormancy;
rhythmic growth) or temporarily caused by unknown (physical) parameters.
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Sterilization
The following sterilization techniques were efficient 'mAlnus. Buds with closed scales
and a piece of stem were surface-sterilized for 20 min in NaOCl (100 g/1) to which a
few drops of Tween 20 had been added. Before sterilization, the buds were washed with
soap (Burtan) and treated with ethanol (70 %) for 10 s. The NaOCl was rinsed from
the scales in sterile water for 30 min. Before culture, the scales, stem and oldest leaves
should be removed. For seed, the same method was applied but the soap treatment was
omitted.
Media
Various media have been compared in bud culture and embryo culture. The main
conclusions are as follows. Heller's medium was better for bud development of Alnus
than Murashige & Skoog's, because it had a lower concentration of salt. Modifications:
NaFeEDTA instead of FeCl3, NaN03 10 mmol/1 instead of 7 mmol/1. Added: inositol
100 mg/1, NH4CI 2 mmol/1 and aneurin 0.4 mg/1; pH 5.8 before autoclaving. Unless
otherwise indicated, IAA (3 ^mol/1) and BA (0.2 /tmol/1) are used as growth regulators.
The composition of the initial medium is relatively unimportant as long as phenomena
of rest occur. Juvenile tissues tolerated higher concentrations of major salts better than
adult tissues. Usually, 20 g activated charcoal (AC) was added per litre, especially when
older tissues were cultured. Expiants from older trees excrete more phenols. After a
few subcultures, the concentration of activated charcoal can be reduced to a range of
2-8 g/1.
2.4

Phases of tissue culture

Axillary budding
The ratio of concentration of NH4+ to NOf was found to be a key factor in the
development of axillary buds and extension of axillary branches. In embryo-derived
expiants, the optimum ratio of concentrations for axillary branching was 1 : 5 after
55 days. In material originating from the Weerribben (Overijssel) seed source, the dif
ferences in branching on media with ratios of concentrations of 1 : 2, 1 : 5, 1 : 8 and
2 : 10 were already established after 30 days (Table 1).
These results were obtained without a stimulation of axillary budding with high con
centrations of cytokinin coinciding with the lowest rate in extension growth. If BA was
used to stimulate axillary branching, no simultaneous reduction m,growth could be
observed. After breaking of rest in culture, BA can better be applied in drops on top
of the expiants than in the medium. The drops had a volume of 0.02 ml and a concen
tration of 0.5 mmol/1. The exposure period should not exceed 7 days. This stimulation
by BA was only effective if the expiants had been allowed at least 7 days to adapt to
a fresh medium. In this manner, BA could be used in media containing activated char
coal (AC). Larger drops and longer exposure periods resulted in vitrification, necrosis
and loss of structure. More severe induction methods caused formation of large numbers
of buds (Plate 5). However the condition of these organs was poor and they did not
4

Table 1. Average number of excisable branches per expiant.
Ratio of NH„+ to NO3

Time in culture for seed source
Vragender

1
1
1
2

: 2
: 5
: 8
: 10

Weerribben

30 d

55 d

30 d

55 d

3.5
3.7
4.2
1.3

4.6
6.1
4.5
2.2

2.5
3.0
1.9
0.8

3.5
4.0
2.9
1.8

EXTENSION GROWTH (mm|
14
12

10

8

6
4'

AC 8
AC 4

AC 8
AC 4

2

29 Wm

-2

-20

7 Wm"2
AC 8

AC 4

AC 8

AC 4

• 40

. • 60

NUMBER OF AXILLARY BRANCHES

Figure 1. Influence of irradiance (W m ~2), concentrations of activated charcoal (AC, g/1) and
of BA pulse (mmol/1) on axillary branches (length > 1 cm) and absolute extension (mm) after
12 weeks in culture.
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develop into branches. The drops with 0.5 mmol/l added an average of 3.5 axillary
branches to the control number per expiant and increased the elongation from 16.4 mm
to 27.9 mm in a month. Drops with a volume of 1 mmol/l led to an average extra 2.6
outgrowing branches from a large population of developing buds. The number of
excisable axillary branches produced and not the intensity of axillary budding is a realistic
figure for the 4-weekly multiplication rate.
In a more extensive experiment to ascertain the effects of BA, interactions were found
between irradiance and concentrations of activated charcoal and of BA (Figure 1). In
this experiment, material was exposed for 3 h, allowing a high dose of BA to be used.
With such pulses are used, the stimulation of axillary branching is generally associated
with inhibited elongation. However this antagonism depended on the amount of
suspended activated charcoal and on irradiance. At an irradiance of 29 W m "2 exten
sion growth was faster than at 7 W m^2, if no pulse was applied. At this high irra
diance, AC at 4g/l resulted in faster extension; at 7 W m~2, the reverse was observed.
BA reduced growth, except with 29 W m~2 and AC 8 g/1, and with 7 W m 2 and AC
4 g/1. On media with AC 8 g/1, BA stimulated axillary branching, except at 7 W m"2.
The optimum stimulation occurred at 29 W m~2 on media with AC 4 g/1 after a BA
pulse of 1 mmol/l. With more AC (8 g/1), the high irradiance caused no stimulation.
This inhibition by AC at 20 W m~2 also occurred without a pulse.
Extension growth
In buds cultured on media with BA at 1 /xmol/l and 5-10 /*mol/l, the main axis did
not elongate until after the period of rest.
Aas
Increase

Figure 2. Absolute extension growth of Alnus explants as influenced by the concentration of
activated charcoal (AC in g/1), the concentration of 6-BA for the pulse (mmol/l) and irradiance
(W m~2). At the end of each line: AC (pulse conc.) irradiance.
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Table 2. Influence of the concentration ratio of NH4+ to NO3 on absolute extension (mm).
Time in culture for seed source

Ratio of NH4+ to NO3

Vragender

1 : 2
1 : 5
1 : 8
2 : 10

Weerribben

30 d

55 d

30 d

55 d

29.7
28.6
32.0
29.1

29.7
31.7
33.9
36.3

34.0
31.0
32.1
29.1

36.7
32.0
33.2
39.0

In embryo-derived material, extension growth after 55 days was only slightly in
fluenced by the seed source (Table 2). The nitrogen salts had a major influence on ex
tension, especially the ratio of the concentration of NH4+ to N03" (Table 2).
After 30 days, fastest growth of Vragender shoots was observed on media with a ratio
1 : 8. The Weerribben material showed only a preference for NH4+ (1 mmol/1). Most
shoots on NH4+ (1 mmol/1) finished growth after 30 days, but not those with ratio
2 : 10. After 55 days, the longest shoots were on this medium, so that NH4+ became
a limiting factor after 4 weeks.
As stated under 'Axillary branching', the BA pulses inhibited growth. When growth
is closely monitored (3 times a week), the slope of the graph of growth appears to alter
as a result of interaction between light intensity and combination of BA pulse and con
centrations of AC (Figure 2). The S-shaped graph observed at 20 W m ~2 on media
with AC 4 g/1 changed to a quadratic shape at 7 W m"2.
At 7 W m~2, the influence of concentration of sucrose on extension growth was not
clear (Figure 3). A higher irradiance (29 W m~2) enhanced growth, except on media
with sucrose 7.5 g/1. The optimum concentration depended on the amount of suspended
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Figure 3. Influence of the concentrations of AC and sucrose (g/1) on absolute monthly extension
of Alnus shoots with irradiance at 7 and 29 W m~2.
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Absolute

Figure 4. Slope of the graphs of shoot extension in 5 of the treatments in Figure 3.

AC: with AC at 2 g/I, sucrose at 30 g/1 or 15 g/1 were the best treatments, whereas
at 4 g/I, the optimum sucrose concentration was 15 g/1. Decreasing the concentration
of AC from 8 to 4 g/1 in the pulse experiments had a positive effect; further lowering
to 2 g/1 did not stimulate extension growth nor the slope of the graph of growth
(Figure 4).
Rooting
The forcing treatments described above did not influence rooting of shoots derived
from buds that had been excised from trees. IBA (3 -10 mg/1), applied in various ways,
induced rooting of all buds from 2-year-old trees. Rooting in shoots derived from seed
lings germinated in vitro was normally spontaneous (Plate 8), but elongation was a
prerequisite. Rooting was tested for this material in order to find the best induction
procedure for material derived from buds from old trees (more than 10 years old).
Rooting and branching of the roots in vitro was best when the cultures received IBA
drops on buds and leaves after an adaptation time of 1 week on a fresh medium. After
a further week, the shoots were transferred back to Heller's medium with AC. On that
medium, the shoots rooted and the roots branched while the shoot continued to elongate.
The results of the rooting experiments are given in Table 3. Embryo-derived material
rooted spontaneously on almost all media, even without auxin. Rooting was only in
hibited at high concentrations (cytokinin more than 0.5 mmol/1).
Rooting tests on bud material from very old trees (80 years) were not successful; in
general, the problems increased with increasing age. In Alnus, micrografting of meristems
was possible, and therefore this technique can be considered as providing adult meristems
with juvenile root systems (Plate 6).
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Table 3. Influence of application of IBA drops on rooting. 50 cultures per treatment.
IBA drop

Mean number
of roots
at base

Proportion
of shoots
with roots
along stem
(%)

Mean number
of roots
along shoot

Proportion
of shoots
proliferating
(%)

Mean number
of shoots
per culture

zero control

4.0

0.0

0.0

53.6

3.6

0.02 ml of
2.5 mmol/'l

4.0

15.4

5.3

57.7

3.8

0.1 ml of
5.0 mmol/1

5.0

67.9

4.4

39.3

2.3

2.5

Adaptation to soil

The experiments on soil adaptation can be summarized as follows. Alnus shoots
originating from culture in vitro survive in vivo in the growth room and the greenhouse,
with functional roots and shoots. Less than 0.1 % of plant material was lost. The relative
humidity in the first week in vivo must exceed 0.9. It is then gradually reduced, reaching
0.65 in the third week. The r.h. was controlled by gradually opening the lid of the plantlet
box. The basal part of the plantlets seemed to have more axillary buds than seedlings,
because the plantlet part that was formed in vitro was shorter. However, overstimula
tion with BA in vitro sometimes resulted in 'bushy' trees (Plate 10).
In contrast with observations in many other tree species cultured in vitro, Alnus
plantlets initially had a higher growth rate than seedlings (Plate 9). Plantlets and seed
lings had been inoculated in the soil with nodulating bacteria after 10 weeks. Surpris
ingly, plantlets nodulate earlier (Plate 11). This last observation leads to the hypothesis
that material in culture is less juvenile when it leaves the culture tube than seedlings
at the germination stage.
2.6

Gene conservation

Plantlets from tissue culture of Alnus with an age of 2 years in vitro were kept in
cold storage (6 °C, 4 W m~2). Single-axis shoots (2-3 cm) were stored in 3 ways: in
tact; without the rooting system; and without roots and leaves. The last type of expiant
was stored submerged in agar. After 1 year, part of the material was tested for its ability
to regenerate. This ability was observed within 9 weeks after subculturing at 25 °C and
an irradiance of 19 W m~2. The intact expiant grew 10.4 mm on average in cold storage
and soon reached normal growth rate at 25 °C. After 9 weeks, 70 % of the shoots
appeared to be normal. The remainder were not dead but developed slowly. In cold
storage, 40 % of the shoots in vitro did not grow at all. These expiants were not the
same as the retarded group after transfer to 25 °C. The expiants without roots or leaves
scarcely grew; over 60 % of the shoots died during recovery.
9
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3.1

Salix alba

Introduction

Methods of propagating Salix clones vegetatively are readily available and therefore
these clones are widely planted in the environment for which they are most suited: wet
sites. In the 1970s and 1980s, Salix has proved its value for short-rotation forestry and
intensive fibre production. Tree-improvement programmes have supplied growers with
high-yielding disease-resistant clones. In Scandinavia, energy production from Salix
is becoming a real option. If Salix is to be used for this purpose, recently developed
and tested clones have to be rapidly available. Testing and production of plants can
be speeded up by micropropagation, with which the introduction period needed for
new clones can be shortened from 6 years to about 2 years. An effective and fast tissueculture method is necessary to compete with cheap traditional methods. Tissue culture
of Salix has no technological barriers, but some special problems occur, notably an
abundance of rooting, and severe internal contamination, probably a result of the long
history of vegetative propagation from cuttings on mother stools. Chapter 3 describes
some experiments on these problems.
3.2

Preparation for tissue culture

Temperature treatments and illumination of parent material
Methods were developed to produce non-dormant buds for initial culture. All
pretreatments for breaking dormancy were tested on the following clones: Rockanje,
Belders, Barlo, Het Goor and Bredevoort. Only branches (1-3 years old) from stools
were used. The condition of the cuttings could be improved by submerging them in
water for 24 h after the cold treatment, before forcing. The duration of the cold treat
ment (at 4 °C) depends on the time of year that the branch is cut from the stool and
ranges from 9 weeks for branches cut in August to 3 weeks for branches cut in March.
The period March-August was bridged over for bud supply by taking mcuttings at 4 °C
in January and postponing flushing. To prevent the cuttings from drying out, they were
packed in plastic that contained a few perforations. After the cold and water treatments,
the branches were forced at 25 °C on Hoagland's nutrient solution containing 30 g/1
sucrose. The contamination of the solution was controlled by adding a few drops of
NaOCl. The period until flushing ranged from 7 to 21 d, and again depended on the
season. The buds were protected from drying out during forcing by placing the vases
with branches in a plastic tent in which r.h. exceeded 0.8 (Plate 12). Buds should be
excised during the first 8 d after flushing, because later almost all buds are severely
10

contaminated internally with bacteria. In an attempt to control bacterial growth, buds
or branches in vivo and in vitro were treated with antibiotics or mixtures of antibiotics
at a concentration of 25 mg/1. The antibiotics rifampicin and trimethoprim were tested,
but were found to be ineffective as bacteriostats: they merely postponed flushing and
reduced growth rate. Sterilizing the branches before forcing was most effective in preven
ting contamination. These treatments involved washing the branches with soap (Burtan 0.5 -100 g/1) and placing them in a solution of NaOCl (1-16 g/1). The concentra
tions depended on the period of the year: in winter, low concentrations of soap and
NaOCl are sufficient. Bacteria in vitro grew least if buds were used from branches cut
from the stools in October and stored for 6 weeks at 4 °C. If stored for 9 weeks, the
contamination was similar, but the flushing buds were less turgid. However October
was not the best month in which to isolate buds for axillary budding later in vitro.
Topophysis and genetic variation
It is difficult to reach general conclusions on the variation since the clones differ
in almost all variables in vitro. These differences are usually quantitative and not
qualitative (e.g. different optima for medium components), and therefore it is probable
that the method described in this chapter for 5 clones will be relevant for most Salix
alba clones. However clones differ significantly in onset of flushing, and thus when
working with multiclonal material of Salix there is a long period during which buds
can be collected in vivo.
The influence of topophysis is less variable. On unrooted branches forced in
hydroculture, the best bud for isolation in vitro is the lowest bud. It is not clear whether
the higher potential activity in this position is the result of a more active metabolism
for an earlier breaking of dormancy. In rooted trees, the terminal buds of the highest
branches showed the fastest development and those closest to the stem on the lowest
branches the slowest. More information on topophysis is given in Section C 4 'Axillary
budding'.
Sprays and pulses
Extensive experiment showed that spraying branches on hydroculture with BA (5 mg
per branch) did not stimulate bud activity of excised buds later in vitro. It caused some
delay in flushing and a larger number of flushing buds per branch. At 5 mg per branch,
GA3 stimulated extension in vivo, but this effect disappeared in vitro. On rooted trees,
BA sprays boosted bud activity. Sprays of 35 mg per plant (concentration in aqueous
ethanol 50 % 1 g/1) resulted in axillary branching in vivo: buds of the current and coming
year flushed almost simultaneously (Plate 13). So growth periodicity could be altered
with BA as long as a root system was present. The induction of axillary budding on
the tree resulted in branching cultures in the initial phase of culture. Induction on the
tree was as efficient as stimulation of axillary budding by cytokinins in the medium.
Spraying with BA resulted in extension of 2.2 to 3.5 axillary branches per culture per
month in vitro. This branching reduced extension and rooting. The onset of activity
of buds on rooted trees was accelerated with BA. This also resulted in faster morpho
genesis in the initial phase of culture. A disadvantage of spraying with BA is that the
11
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Figure 5. Influence of a 3-hour pulse with BA (0.5 mmol/1) on axillary bud formation, and
modifications caused by GA3 (0.3 mmol/1) added after 3 subcultures.

cultures become more sensitive to neglect: if the medium is not refreshed, necrosis occurs
after only 1 month. Apparently, energy in the expiants is consumed in a shorter period
after spraying with BA. After 1 year, thus after the winter, the buds on trees that were
sprayed with BA the previous year flushed earlier. Axillary budding does not occur
in vivo.
Pulses with BA (0.5 mmol/1, submerging buds in the solution for 3 h before culture)
were also effective in preparing expiants for micropropagation (Plate 14). The propor
tion of expiants forming axillary buds on a standard medium was not altered by the
pulse, but the number of buds per expiant doubled. This increase was due to a constant
high level of bud production during a 5-month period after the pulse with BA, whereas
in the controls production dropped after the first subculture (4 weeks in Figure 5).
The ratio of live buds to total number of buds formed reached a maximim after 12
weeks in both the pulse and the control groups of expiants, so that the quality of the
new buds umproves rapidly. If, after 12 weeks, GA3 (0.3 mmol/l)was added to pro
mote elongation, bud quality decreased again in the both groups.
3.3

Initial phase of culture

Explant type
Several expiant types were tested in vitro. Dormant buds can be cultured if attached
to a piece of twig that lacks the outer wood layers. Morphogenesis is slow and elonga
12

tion is difficult. Shoots excised immediately after flushing are better explants but con
tamination problems occur frequently, especially after abscission of bud scales in vivo.
Shoot tips from flushing buds should be excised only with the smallest leaves and 1
or 2 nodes.
Callus was derived from stem tissue and propagated on liquid Heller's medium in
conical flasks on a rotary shaker. If BA (0.1 mmol/1) was added, organogenesis occurred
in some of the callus. Abundant roots were formed and soon filled the flask.
Sterilization
The following technique of sterilization was selected for Salix. Buds are treated with
ethanol 70 % (v/v) for 10, submerged in NaOCl solution (16 g/1) for 20 min, and then
rinsed for 10 min in sterile water three times. The expiants should be cultured as quickly
as possible, because turgor decreases fast and the damage caused by NaOCl spreads
quickly under water. All damaged parts should be removed before culture. If the period
between this preparation and culture is longer than 2 min, the material discolours.
Media
Several media were tested. The conclusions were as follows. Salix buds and shoots
can be cultured on Heller's medium with the
following modifications:
- NaFeEDTA instead of FeCl3, NaN03 10 mmol/1 instead of 7 mmol/1.
- added: inositol 100 mg/1, NH4C1 2 mmol/1 and aneurin 0.4 mg/1.
- sucrose 30 g/1.
The pH is 5.8 before autoclaving. Growth regulators unless otherwise indicated are
IAA 0.5 mg/1 and BAP 0.05 mg/1. Activated charcoal (AC): not in initial culture, 20
g/1 after 2 subcultures, 5 g/1 after many subcultures. Preliminary tests with Murashige
and Skoog media were negative for shoot quality in long-term experiments. Basal callusing was extensive.
3.4

Phases of tissue culture

Axillary budding
Axillary budding and elongation of the expiants depended on the topophysical origin
of the bud. Expiants from the apical part of the rooted cutting started axillary budding
faster (Figure 6).
The difference between these expiant types remains constant. GA3 (0.3 mmol/1) added
to promote elongation, axillary budding was inhibited in both expiant types. Expiants
of apical origin produced more axillary shoots (Figure 7). The clonal differences in
average monthly bud production were up to 41 % of the maximum number formed
as a result of a pulse with BA.
If dormant buds were used, it was only possible to stimulate branching if the shoots
had passed through a period of low activity (rest) starting shortly after starting culture.
This rest period took 15 — 22 weeks. Initially, cultures did not tolerate AC. After 1-3
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Figure 6. Influence of the topophysical origin of
axillary budding in vitro.

Salix alba buds on rooting, elongation and

mean bud
production

GA3 was added to the media (0.3 mmol/1). A, B, C, D, E: clones; M = mean
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months, adding AC in combination with a low irradiance in the visible spectrum (9
W m~2) remedied yellowing of the leaves, even if this yellowing had been caused by
a too high an initial irradiance (29 W m~2). After the rest period (dormant buds) or
second subculture (shoot tips of flushing buds), AC and a high irradiance promote
axillary budding.
The substance ratio of nitrate to ammonium in the major nutrients in Heller's (HS)
and Murashige & Skoog's (MS) media influences axillary budding. Initially, MS with
respective concentrations of 46 and 9 mmol/1 was best for micropropagation (Table
4) but in the long run a high monthly multiplication factor was maintained only on
HS with 10 and 2 mmol/1 (Table 5).
Table 5 shows that after 10 months, bud production on HS 2 : 10 media and MS
9 : 46 was the same. The factor on HS was higher because poorer shoot condition and
necrosis reduced the number of cultures surviving on MS. The factors presented are
low but the data are results without BA induction. Sprays and pulses increased the fac
tor tenfold.

Table 4. Influence of substance ratio of NHj" to NOj" calculation from respective concentra
tions (mmol/1) on axillary budding, elongation and rooting of Salix alba material during the
first subcultures.
Medium

Ratio

Proportion of
shoots with
axillary
budding

Proportion of
elongation
shoots

Proportion of
green shoots

Proportion
rooting

(%)

(%)

(%)

(%)

Heller
Heller
M &S
M &S

4
2
21
9

: 8
: 10
: 40
: 40

March

May

March

May

March

May

March

May

85
96
79
96

90
89
100
100

5
4
26
23

16
5
13
13

82
98
26
91

98
95
79
88

89
65
50
74

95
91
71
91

Table 5. Influence of the mixture of major salts and the substance ration of NHÎ to NOj"on
multiplication of Salix alba. The results are averaged over 5 clones; the shoots were ten months
in culture.
Heller

Number of buds formed per shoot
Proportion of cultures with axillary branching (%)
Multiplication factor
(not compensated for dead or infected shoots)

Murashige & Skoog

4:8

2 : 10

21 : 46

9 : 46

3.2
80
0.12

4.1
87
1.12

1.6
59
0.02

4.1
75
0.83
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Table 6. Influence on bud formation of genotype and substance ratio of NH/ to NOf ex
pressed as respective concentrations (mmol/1) in major nutrients. Mean number of buds per
culture.
Medium

Group A

Group B

Heller
Murashige & Skoog
1 : 2 (4 : 8 or 21 : 46)
1 : 5 (2 : 10 or 9 : 46)

3.8
3.2
2.8
4.5

4.0
4.8
3.3
5.3

The five clones used in our research could be divided into Groups A and B according
to whether they had a lower or higher efficiency of bud formation in vitro, respectively,
independent of the nitrogen ratio of the medium (Table 6). The long-term monthly
factor was about the same in the 2 groups on Heller's media and on media with a nitrogen
ratio of 1 : 2. On 1 : 5 media, Group A was more effective than Group B: 0.81 against
0.36, respectively.
In summary, stimulatory factors for the micropropagation of Salix alba clones studied
are initially: no AC, BA spray, irradiance 9 W m"2 and an expiant of apical origin
taken from the tree. This changes in the later phases of axillary budding to: low AC
(5 g/1), no GA3, BA spray or pulse, again expiant of apical origin, irradiance 29 W m 2
and Heller with substance ratio NH4+ to N03" 2 : 10..
Extension growth
Rate of extension growth of Salix cultures on standard media is low. Elongation of
the expiants was best on Murashige & Skoog media (27 % after 4 months, 31 % after
10 months). On Heller media, these figures were 16 % after 4 months and 8 % after
10 months. This low efficiency of elongation was probably caused by extensive rooting.
At physiologically very high concentrations, GA3 (0.3 mmol/1, filtersterilized) reduc
ed the number of roots and induced elongation in almost all types of shoots (Plate
16). If roots are absent, it is impossible to induce elongation. In Salix, the problem
is, however, to control rooting, not to promote it (Plates 17 and 18). Since M & S media
in long-term micropropagation caused deterioration in the condition of shoots, Heller
with GA3 0.3 mmol/1 was chosen as the standard medium. Low irradiance (9Wm"2)
is a prerequisite for elongation in its initiation stage. A minimum critical biomass was
also essential: very small shoots did not root nor elongate. Adding AC 5 mg/1 improved
the condition of the shoots: this boosted elongation. Since rate of extension was not
reduced by the addition of AC, GA3 apparently was not absorbed nor was its concen
tration too high. In a multiaxis culture, GA3 breaks apical dominance: more shoots
elongate simultaneously. Bud quality was reduced in the presence of GA3, but the actual
factor was ultimately about 6 times as much as of the controls, because rate of extension
increases dramatically. BA cultures treated with spray on the tree or pulses applied to
the bud responded much less to the elongation-stimulating influence of GA3 (Figure 8).
The axillary branching on the elongating shoots was inhibited by GA3, independent
16
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Figure 8. Influence of GA3 (0.3 mmol/1) on elongation, rooting and bud formation of shoots
of Salix alba treated with BA (pulses with BA).

of their topophysical origin. These observations show that the application of BA before
tissue culture, and adding GA3 to the medium are antagonistic. The best method for
micropropagation is to wait 5 subcultures before adding GA3 to the medium. In sum
mary, the most promotive factors for extension are low AC (5 g/1), GA3 (0.3 mmol/1),
irradiance 9 W m~2, no BA spray or pulse, and the use of expiants of apical origin.
Rooting
The rooting phase raises problems of limitation rather than of induction. All cultures
with green leaves started rooting in the initiation phase, often expending all energy in
forming roots. Rooting was inhibited in the initial phase after a BA pulse. Adding GA3
to the medium also inhibited rooting but only in expiants originally isolated from apical
positions. Variations in salt concentrations had little influence on the proportion of

Table 7. Clonal differences in rooting and root branching for material excised in March or May
on a medium without growth regulators.
Clone/Intake

Rockanje
Belders
Barlo
Het Goor
Bredevoort

Proportion rooted
(<%)

Proportion of cultures
with root branching (<%)

March

May

March

May

30
59
73
67
93

44
84
71
65
70

5
36
65
54
74

44
83
67
63
57
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cultures that root in the initial phase. The genetic variation in rooting was substantial,
but it was only detectable if no auxin was added to the medium (Table 7).
3.5

Adaptation to soil

Preliminary experiments showed that leaves and roots of Salix were functional in
vivo if the period in culture was not too high. Curling leaves and callusing roots, a normal
feature in older cultures, are not functional in vivo. Only short 2-node cultures with
roots 2 cm long should be planted out (Plate 17).
Stf//xplantlets need time to adapt to greenhouse conditions: they should first be kept
in a closed box or mist tunnel for at least 3 weeks.
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4

4.1

Pseudotsuga menziesii

Introduction

Douglas fir is not indigenous to Europe. It has been widely introduced since about
1880 because of its superior growth. Tests for the most suitable provenances from the
western United States and Canada have been in progress since the 1930s. Superior seed
families have become available for clonal selection and vegetative propagation. However
Douglas fir is often used on natural sites, which call for a broad genetic basis. For ef
fective seed production, extensive seed orchards had to be laid out, because trees flower
abundantly only once in 7 years. Attempts to use grafts in the seed orchards generally
fail, because incompatibility usually results in wind throw and necrosis in the scion.
So tissue culture was introduced in an attempt to establish seed orchards. To date, this
attempt has not been very successful because of failure to root (5). However tissue culture
has now reached the point of large-scale application in embryo culture, i.e. improving
plant production from a few high-quality seeds by stimulated bud production in vitro.
Chapter 4 describes some of the experimental bud cultures and embryo cultures at the
Dorschkamp Institute.
4.2

Preparation for tissue culture

Temperature treatment and illumination of parent material
In Douglas fir too, trees and seed must be prepared. Douglas fir trees up to 5 years
of age can be forced to produce active buds all the year round. The following methods
were developed. Trees packed in plastic and stored at 4 °C in February remained intact
up to October, if the humidity in the bags was controlled by mild perforation and monthly
renewal of the air in the bag. Fungi were controlled with Halamid® . Trees stored from
August up to February needed a cold spell of 12 weeks at 1 °C. Forcing after the cold
treatment took 4 weeks in winter but as little as 10 days in March. The forcing temperature
should not exceed 18 °C; if trees had been stored for long, a transition phase at 10 °C
is beneficial, to prevent drying out. Frequent watering of the needles was also helpful,
but this should be discontinued long before bud flushing, because of the risks of con
tamination. Adult trees (40 years) could be forced as grafts. The minimum length of
day required during forcing was 16 h.
For most trials on embryo culture in the Dorschkamp, seed of the provenance Arl
ington was used. It was first submerged in water at 6 °C for 24 and only the seeds that
had sunk to the bottom of the container were used the next day. For embryo culture,
the seeds were sterilized and stored at 2 °C on wet filter paper in sterile Petri dishes.
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After 4 weeks, the seeds were resterilized after the hard seed-coat had been removed.
For the seedling head-culture method (embryo culture methods on seedlings just ger
minated), the seeds were placed in a mixture of equal volumes of sterilized sand and
peat and stored at 4 °C for 4 weeks. They germinated at 18 °C without additional light.
Topophysis and genetic variation
Extensive trials were done on the influence of topophysis (influence of site in the
tree crown before excision) and of genetic variation. The main conclusions were as
follows. In Douglas fir, the topophysical variation of the buds is more important than
the genetic differences between trees. Not only the composition of the initial medium
and irradiance, but also the rooting potential depend on the topophysical origin of the
buds and the period of isolation (5, 6, 7). The differences in growth potential in vivo
between buds in various topophysical positions, measured in growth experiments in
the greenhouse, are not reflected in growth in length observed in vitro. However the
differences in growth potential in vivo between buds on the various branch whorls are
also observed in vitro, but at a much lower absolute level (6). As well as the growth
potential, differences in qualitative morphogenesis between buds from the various posi
tions were also observed. In the tree, all buds except the terminal bud from the main
axis form plagiotropic branches. However after isolation in vitro, all buds grow orthotropically.
The genetic variation is also substantial. Statistical analysis has revealed that the
minimum number of genotypes required within a provenance to ensure a relevant sample
is 30. The variation within the crown of 2-year-old trees can be defined if buds are isolated
from at least 10 topophysical positions. This means that the minimum number of buds
required per treatment for tests in vitro is already 300 for young trees, if a total descrip
tion of the crown is necessary. This is so in rooting experiments (section on rooting).
Genetic and topophysical variation tend to diminish after many subcultures, but never
disappear. It is difficult to establish whether the topophysical differences remain after
planting out, because of the difficulty of getting the material to root. In trees less than
3 years old, rooting is only achieved for bud material from a few positions: in older
trees, rooting is difficult for all bud positions.
The growth of buds in 10 topophysical positions on 2-year-old trees was compared
with the development in vitro of nascent shoots that had been excised from the same
positions. The positions of the buds on the trees in the greenhouse were marked by
small clothes pegs. Growth in vitro was slower, especially in buds higher up the trees.
Growth of the buds in vivo could be represented by an S-shaped graph whereas that
of shoot initials in vitro was more rectilinear.
Sprays and pulses
Douglas fir was less responsive to preparation with BA than deciduous species. Spray
ing with BA (20 mg per tree) on 2-year-old trees in the greenhouse accelerated the flushing
of the buds, and resulted in formation of axillary buds at a very early stage of bud
extension. This meant that periodicity of growth was maintained, because these new
buds did not flush. Repeating spraying at weekly intervals, had a positive effect, but
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rate of extension was inhibited if it was done more than 4 times and in extreme cases
the buds dried out. Buds on old trees (40-year-old grafts) responded more slowly and
less intensively to sprays with BA. The onset of axillary activity continued in vitro, but
the actual branching started after 2 subcultures. Spraying was not effective in the dormant
phase; injection with BA (Chapter 6) had no effect in any phase.
Pulses with BA (submerging the material for 3 h) were more effective than sprays
in inducing axillary budding; adding BA to the medium was not effective (Plate 23).
Pulses with BA were also effective in inducing adventitious buds in embryos and in
axillary budding in the terminal bud of excised seedling heads (aerial part; Plate 19).
The pulse with BA (1 mmol) should be applied between 3 -12 d after the start of ger
mination. For 2 d, the pulse was not effective; after 12 d, the number of axillary buds
induced fell quickly and contamination was difficult to control. The number of buds
that occurred after the pulse in vitro varied greatly (from 4-32) and was genetically
controlled. A period of 3 h was chosen as the standard duration of exposure to BA.
However the maximum of axillary activity in the apex of the seedlings had already been
induced after only 70 min.
4.3

Initial phase of culture

Explant type
Buds from trees of various ages were cultured. The rate of morphogenesis decreased
with increasing age. Attempts to rejuvenate adult trees (grafts) with hormonal sprays
and pruning failed. Meristems of old trees were even more difficult to culture. Needles
started to develop after a long lag (8 weeks). Vitrification is a problem; elongation rarely
occurred. Embryos could be cultured easily if the correct technique of vernalization
was used. Callus was derived from embryos if cultured on media with each of the
following growth regulators at 5 ^mol/1: IBA, IAA, BAP and 2iP (Plates 20, 21 and
22). The callus was green but gradually turned white and brown in liquid culture on
a rotary shaker. This change in colour took 4 months. The loss of the green colour
occurred in the light and in the dark, but started later in the light. The clumps in culture
broke spontaneously into particles of diameter 2-4 mm. After 2 years in culture, the
maximum particle size was 1. Reduction in particle size and in rate of extension, and
change in colour were not influenced by the type of culture vessel nor by the use of
caps permeable to carbon dioxide and oxygen. Attempts to induce organogenesis with
pulses of BA 0.5 -4 mmol/1 with nutrient salts at different concentrations (Heller diluted
by a factor 0.1-1.0) in the light and the dark failed. Embryos produced adventitious
buds at the tips of the cotyledons after induction. If induction was repeated after 1
or 2 subcultures, buds formed all over the embryo-derived expiant and even in the
terminal bud. Even though many of these buds did not develop into normal shoots,
there was a constant supply of 8-14 shoo's. After 3 repetitions, shoot supply decreased.
After germination, the cotyledons soon lose their ability to form buds; most genotypes
lose this ability at germination. In the young seedling, the ability to form buds from
the cotyledons to the axils of the developing needles of the terminal bud disappeared
in the period around germination.

21

Sterilization
The following methods were developed for Douglas fir. Buds and seeds are plunged
in ethanol (70 %) for 10 s and are then submerged for 20 min in NaOCl solution to
which about 2 drops of Tween® 20 per 100 ml of NaOCl have been added. The material
is then rinsed three times for 10 minutes in sterile water. Buds are sterilized with attached
scales and a piece of stem containing the crown layer, a layer with thick cell-walls be
tween branch and bud only present in winter. Seeds are sterilized twice without their
hard seed-coat. The NaOCl concentration for buds and seed is 40 g/1, except for buds
in the period 15 March until flushing when it must be 20 g/1.
Media
Douglas fir expiants show a preference for low-salt media. In general, all Pseudo
tsuga material can be cultured on Heller's medium with the following modifications:
NaN03 10 instead of 7 mmol/1 and addition of NH4C1 2 mmol/1, aneurin 0.4 mg/1
and inositol 100 mg/1. As reported earlier (5), the composition of the medium for bud
culture depends on when the bud was isolated and what its topophysical position was.
Most standard media for Douglas fir contain IAA 0.5 mg/1 and BA 0.05 mg/1; initial
media for buds and embryos after a spray or pulse contain no growth regulators. In
most types of culture, AC is added at a rate of 20 g/1. For buds isolated in March and
April the amount of AC is reduced to 5 g/1. After 10-15 subcultures, AC is no longer
used, because stimulation by the particles of charcoal gradually disappears and even
reverses to inhibition. The shoots also decline in quality.
4.4

Phases of tissue culture

Axillary budding
Micropropagation of buds was tested on the same expiants for 4 years. Only buds
excised from the lower part of the stem and buds derived from embryos could be cultured
continuously; others were lost after 6 to 18 subcultures of 4 weeks. The main reason
for the low micromultiplication factor was the low efficiency of axillary branching in
Douglas fir cultures and the high proportion of cultures lost by necrosis and vitrifica
tion. The propagation system on standard media without pulses was tested on 250
cultures originating from the stem. Every month, all cultures longer than 2 cm were
cut into a top part that could elongate further and a basal part that-formed no axillary
branch, one or rarely two. Several tests showed that decapitation was the most efficient
method of inducing axillary branching without an impulse. If the basal parts were
selected for the presence of an active bud, the monthly gain in the number of cultures,
averaged over a year, was 70 %. However, if all basal parts were used, there was a 56 %
loss. The monthly production in cultures originating from elongating shoots was doubl
ed, multiplication factor 2. The overall increase in number of viable elongating cultures
was 16 %, multiplication factor 1.16. If only active basal parts and elongating shoots
were subcultured (51 % of the expiants), the net multiplication rate was by a factor
1.8 per month. The multiplication factor was the same in selected non-necrotic cultures
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with an age in vitro of 1, 2 or 3 years. If a pulse of BA 0.5 mmol/1 was applied before
the shoot was transferred to a fresh medium, the condition of the shoot improved after
the next subculture. In this way, the loss of cultures was reduced to less than 10 %.
A pulse improved the multiplication rate to 2.8 per month. For continuous culture, the
pulse should be repeated every 3 subcultures.
Embryo-derived cultures were more responsive to treatments with BA. The influence
of adding BA through a pulse and through injection by syringe at different concentra
tions was tested in embryo-derived shoots. As was observed in cultures at different ages
in vitro derived from buds from trees, embryo-derived shoots were more sensitive to
BA than embryos in the initial phase of culture and there was a longer lag between
application and bud formation. The proportion of outgrowing (i.e. not only swelling
but also extending) buds was higher on embryo-derived shoots than on embryos or
the axillary buds in the apex of young derooted seedlings. It was 37-51 % in seedlings
(depending on genotype and on the composition of the medium) and was up to 100 °/o
in shoots. Neither the efficiency of inducing axillary branching with an pulse of BA,
nor the subsequent elongation of axillary branches depended on the age in vitro of
the shoots. Axillary branching is only maintained if BA is applied periodically. After
a long period of continuous branching, the activity in embryo-derived shoots was main
tained by applying drops of BA to the expiants (Table 8). The drops were applied 7
days after subculture and the material was again subcultured after 7 days more. A con
centration of BA of 0.05 mmol/1 was too low (Table 8). The pulse concentration of
0.5 mmol/1 was the most efficient, but it could not be applied for 7 d, because other
wise necrosis occurred. Drops with 0.1 mmol/1 stimulated branching, but thfs effect
was observed only after a long time (90 days). Table 8 gives the number of axillary bran
ches induced by application of BA: this number is also the multiplication factor in 4
weeks. All excised branches survived as a separate culture.
The number of developing adventitious buds induced on 12-day-old derooted seedl
ings by a 3-h pulse with BAP 1.0 mmol/1 was higher when activated charcoal (AC) was
Table 8. Influence of the addition of drops with different concentrations of BA (0.02 ml) on
axillary branching of embryo-derived shoots (period in vitro 18 months). The drops were
applied after 8 d and the first subculture was after 15 d. Further interval of subculture was 25 d.
The media did not contain activated charcoal. The embryos were originally isolated 18 months
previously. HS: Heller standard medium. The results are averaged over 8 genotypes of Douglas
fir. s.e.d. = standard error of difference of means.
Concentration
(mmol/1)

Time
(d)

Medium
cultures

Axillary branches tested

0.0

40
90

0.05

40
90
40
90

HS
HS
HS + vitE
HS
HS
HS
HS

95
86
86
50
74
50
97

0.1

number

s.e.d.

mean number
1.93
1.85
2.36
1.77
1.50
2.36
3.52

0.28
0.36
0.20
0.27
0.30
0.21
0.34
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Table 9. Mean increase in number of cultures.
Number of monthly subcultures
Mean number of cultures on Heller
Mean number on Heller + AC

1.0
1.0

2

3

2.4
2.1

6.0
5.6

4
10.4
8.9

added to the medium (mean 15.1 buds per seedling; control 11.7). However the number
of outgrowing shoots was larger on media without AC. Table 9 shows the mean in
crease in the number of cultures; only cultures with elongating shoots were transferred.
Buds that did not grow out were disregarded.
Elongation
In Douglas fir, extension and rooting phases are difficult to control. Extension of
the shoots was spontaneous on most media. However, if the shoots were derived from
buds on very old trees and they were isolated in mid-winter, elongation was difficult
to induce. If buds elongated after the initial culture phase, one of the axillary buds
took over as the main leader. None of the tested auxins, cytokinins and gibberellins,
was capable of exclusively stimulating extension: all treatments that enhanced bud ac
tivity resulted in a higher rate of extension. Only activated charcoal at 20 g/1 stimulated
extension in dormant buds from the second up to about the tenth subculture. This
stimulation concomitantly reduced axillary budding. During the initial phase of culture,
a high irradiance (29 W m"2) was beneficial for extension, but after a few subcultures,
especially if the cultures grew on media with activated charcoal, the irradiance had to
be reduced to 19 W m~2: the shoots became more sensitive to light.
Rooting
The main problem in the micropropagation of Douglas fir (Plate 26) was rooting.
Shoots derived from buds on trees more than 3 years old failed to root. The proportion
of shoots rooting that were derived from buds on 3-year-old trees was 26 °7o. This average
result could only be obtained if the buds were isolated in March or April from a certain
topophysical position, and if shoots in vitro were selected for growth type (Plate 24
and 25). Only shoots derived from the lower part of the stem and the lower branches
were suitable for rooting. In these shoots, the group with a rhythmic growth habit were
selected, because shoots with a free (= continuous) growth habit never produced roots.
Several tests showed that the best shoots were those that had bud scales on the main
axis, that had apparently just started a new growth period and that showed moderate
extension (2-3 cm). Rooting did not improve with age in vitro of the shoots (tested
up to 3 years). Rooting of embryo-derived shoots was better, but was highly dependent
on genotype. The shoots from some embryos had a 37 % success in rooting, but almost
half the embryos produced shoots that were unable to root with our procedures. To
induce rooting, auxins were applied in the medium, as drops, as a pulse or as a dip
at planting out. Dip application seemed to be best. Induced root primordia grew out
in vivo (in a 1 : 1 mixture of peat and sand) or in water agar. The auxins IAA, NAA,
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IBA and 2,4-D were tested in several concentrations, ratios and exposure periods. In
duction in the dark or in a culture tube dark at the bottom did not improve rooting.
Increasing the oxygen concentration in the tube during induction did not affect rooting.
The variability of rooting, even in juvenile shoots, suggests the necessity of studying
rejuvenation and shoot condition in the phases in vitro before root induction.
4.5

Adaptation to soil

The roots in Douglas fir plantlets were poorly adapted to soil; the needles seemed
to function normally in vivo. Abscission of the needles of the plantlets did not begin
as soon as the first functional needles appeared in vivo.
4.6

Gene conservation

If some precautions are taken, gene conservation is no problem in Douglas fir. The
plantlets are sensitive to drastic changes in the physical environment, such as shortening
daylength from 16 to 8 h or lowering culture temperature from 25 °C to 6 °C. If adap
tation is phased in, some shoots still turn necrotic but most remain in an acceptable
condition.
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5

5.1

Platanus orientalis and Platanus x
acerifolia

Introduction

Plane is the most common tree in cities and urban areas in many European coun
tries, proving that Platanus species are suitable for difficult (e.g. polluted) growth sites.
The tree-improvement programme for this genus has made some progress: promising
new clones have been produced. However problems in vegetative propagation are holding
back the improvement programme and thereby the wider use of plane. At present,
selected trees are obtained by grafting, an inefficient and time consuming method that
can be practised only a few weeks every year. The results of experiments with cuttings
are very variable, and this method also reduces the growth rate after propagation, so
that a long nursery period is necessary. Tissue culture offers efficient propagation techni
ques for Platanus species: the technology can be used all the year round and the material
produced grows on its own rooting system. Here we describe micropropagation of
juvenile and adult plane. The critical part of the technique is preparing the tree for
tissue culture; most of the information given below concerns this phase.
5.2

Preparation for tissue culture

Temperature/light treatment and illumination of parent material
Trees are relatively easy to manipulate in the preparation phase for tissue culture.
It is easy to break dormancy in trees 2-5 years old. The following methods were
developed. To break dormancy, material must be kept 6-12 weeks at 2 °C (the dura
tion depends on the season of the year). Grafts and seedlings react similarly. Plane
is sensitive to water loss during the cold period and the subsequent forcing at 21 °C.
Therefore the crown must be packed in plastic during the pretreatments. In early spring,
the light period is extended to 16 h, using fluorescent tubes. If the cold period starts
in November, it takes 14 days before the buds flush; in February, this, period is 9 days,
and after natural breaking of dormancy, it is 5 days.
Seed for seedling production was collected, stored at 6 °C for 3 months and ger
minated in peat blocks at 20 °C. Seedling hardiness (and thereby resistance to damage
caused by sterilization) improved if additional light was used. Seed of P. x acerifolia
produces genetically highly variable material, because it is a hybrid.
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Topophysis and genetic variation
In plane, topophysical variation is responsible for a major part of variation in mor
phogenesis in vitro. Flushing proceeds from the lower to the upper part of the crown
and from the tip to the base of the branches. This difference in time of flushing causes
pseudo-topophysical variation, if different parts of the crown are sampled for buds.
Topophysis is, however, important in plane. Terminal buds elongated faster either in
vivo or in vitro than axillary buds, and buds from the lower branches were more effi
cient in axillary budding in vitro than those from the upper part of the crown. Further
more, different vertical levels in the crown showed variability in the development of
the buds after a spray with BA, as indicated below.
Sprays and pulses
Plane strongly reacts to regulator pretreatments but the interpretation of the results
is complicated by topophysis. After the cold period, P. orientalis and P. acerifolia trees
(2-year-old cuttings, two clones each) in the greenhouse were sprayed with GA3 (42 mg
per tree) during forcing, to improve elongation of the buds after isolation in vitro. Other
trees were sprayed with BAP (75 mg per tree) to enhance bud activity. The BAP spray
inhibited growth in length of the buds in vivo; the GA3 spray promoted elongation
(Plate 29). Many buds developed on trees that had been sprayed with BAP (Plate 27
and 28). However all cultures derived from buds on sprayed trees showed less elonga
tion than cultures derived from buds on the control trees (Table 10). The influence of
the sprays on micropropagation became increasingly clear with the number of sub
cultures. Table 11 gives the results at the 3rd subculture. The promotive effect of BAP
on the micropropagation of Platanus buds (axillary branching, bud development) was
only clear in P. x acerifolia clones (Table 11, Plate 30).
The influence of the BA spray was variable during the first year in vitro (Table 12);
the major effects became visible after 2 months in culture. These results were obtained
when the cold treatments of the trees started in February. The forced buds developed

Table 10. Shoot length and proportion of cultures elongating in the initial phase in culture as
influenced by spraying with GA3 and BAP. The clones reacted similarly and were averaged.
60 shoots per treatment.
No spray
Length at
excision
(mm)

BAP spray
Proportion
of cultures
elongating
in vitro

Length at
excision
(mm)

(%)

P. orientalis
P. x acerifolia

57

Mean

61

24.1
64
22.4

GA3 spray
Proportion
of cultures
elongating
in vitro

Length at
excision
(mm)

m

(%)

43
21.4
49

11.8
54
9.8

Proportion
of cultures
elongating
in vitro

76
8.0
80

8.0
84
7.1

5.4
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Table 11. Influence of growth regulator pretreatments on the multiplication factor in the first
3 subcultures.
Relative increase
(%) in the number
of cultures

Control P. x acerifolia
BA
GA3
Control P. orientalis
BA
GA3

Mean number
of buds per
culture

Proportion of axillary
shoots extending (%)
3rd subc.

1st subc

15.0
42.5
80.0

1.5
2.9
1.9

41.9
60.9
21.6

57.1
53.6
23.6

97.4
106.7
39.0

4.6
4.7
5.4

63.5
75.0
88.6

46.2
44.1
29.0

slowly in vitro if the treatments started earlier (August-February), even after the trees
had been sprayed with BA (45-90 mg per tree). Bud development and the effects of
BA improved for treatments that started after February and until bud break, or if BA
was applied in vivo after natural breaking of dormancy. When the treatments started
in February, spraying mother trees with growth regulators had the greatest effect during
the first subcultures, but this period could be extended by repeated spraying with BA
weekly after bud flushing. After a single spray with BA, the buds in vitro showed a
constant rate of multiplication after 2-10 months (subcultured each month). In the
buds from the control trees, this rate reached a peak after 7 months, but fell to zero
after 10 months, except in one of the P. orientalis clones. All these results were obtained
on media with low concentrations of growth regulators (IAA 3 ^mol/1 + BA 0.02 mg/1).
Increased concentrations BA (up to 5 ^mol/1) enhance multiplication in vitro a further
5 to 7 fold. Sprays applied to mother trees can have a long-term effect after excision
of buds in vitro, in the rate of multiplication. The promotive effect of BA on axillary
bud activation in the shoots as observed in P. x acerifolia only occurs in the initial
period.
In a subsequent experiment on P. x acerifolia 2 and 5 years old, the correlation be-

Table 12. Influence treatments of mother plants with BA of GA3 on the net monthly
multiplication factor and mean number of axillary shoots per culture (in parenthesis).
Treatment

Time in culture (months)
2

• 3

7

10

P. x acerifolia

control
BA
GA3

0.15 (1.5)
0.43 (2.9)
0.80 (1.9)

0.29
0.09
0.10

1.08
0.40
1.20

0.00 (1.2)
0.38 (1.0)
0.25 (1.0)

P. orientalis

control
BA
GA3

0.97 (4.6)
1.07 (4.7)
0.39 (5.4)

0.38
0.44
0.15

1.21
0.94
0.20

0.60 (4.9)
1.29 (3.7)
0.33 (5.6)
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tween topophysis and spraying with BA was studied. Upon flushing, the trees received
45 or 90 mg of 6-BA dissolved in ethanol 50 %. The controls were sprayed with solvent
or were untreated. The rates of bud break (shoots per branch) and elongation were
measured and the rate of multiplication in vitro was determined after isolation. The
treatment with 90 mg stimulated longation of the shoots and the number of developing
axes in vivo. On 2-year-old trees (Plate 29) the increased rate of elongation and number
of the current year's shoots as well as the development of next year's buds occurred
simultaneously. On 5-year-old trees (Plate 30), only an increase in the number of the
next year's buds was observed. This effect became increasingly clear after a dormancy
period (Table 13). After the first week, the sprayed shoots were longer, because the onset
of elongation had been brought forward. After 2 weeks, only the treatment with 90 mg
resulted in an increased rate of elongation (Figure 9). In the control treatment, there
was a gradient of increasing number of breaking buds per branch, from top to bottom
of the crown. The treatment with 90 mg changed this distribution and resulted in the
highest average number of shoots per branch appearing in the middle to upper middle
layers of the crown (Figure 10). The pretreatment with 6-BA 45 mg significantly in
creased the rate of multiplication in vitro of basal buds from the highest branches.
Treatments with 6-BA can be of importance in micropropagation because they increase
the number of buds and extend the period during which they can be explanted from
the tree, and because they increase the rate of multiplication through additional subelongation
growth (mm)
20 .

0
|
spray

A

5

10

15

|

|

spray

spray

B

20
t i m e ( d a y s )

C

Figure 9. Growth in length of shoots (mm) of 5-year-old trees. Other treatments and topophysical
effects were not statistically significant.
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Figure 10. Influence of spraying parent material with BA and influence of position of buds in
crown on development of bud axes.

Table 13. Influence of 90 mg of 6-BA and dormancy on the number of bud axes on 5-year-old
trees . 'Cluster' means bud with 3 or more developing axes.
Number

of axes per tree
of axes per bud
of clusters per tree

30

Control

Treated with 6-BA

before
dormancy

after
dormancy

before..
dormancy

after
dormancy

4.9
1.0
0

37.3

7.9
1.0
0

96.1
2.0
7.0

1.1
0.6

cultures (9). The sprays can also prolong the period of growth (Plate 32).
From the literature, it is known that Zone 2 of the crown has the highest efficiency
in photosynthesis: the presence of stored carbohydrates may be a factor in this zone's
high susceptibility to BA.
GA3 did not produce any effects on elongation in vivo or in vitro. Most other kinds
of tree (e.g. alder, willow) responded to GA3 sprays in vivo.
Bud activity is not increased by impulses with BA or GA3, mainly because plane
buds suffered much damage from the technique itself (Plate 31). The high pH of 8-9
of the solution used for the pulses was probably the main cause for this.
5.3

Initial phase of culture

Explant type
Buds and nodes were cultured from trees of various ages (Plate 33). Buds from trees
older than 5 years were difficult to induce to elongate, and only started to develop after
a long period of low activity (2nd to 5th subcultures). This period was not shortened
by the treatments. Axillary budding was no problem in adult material. Necrosis in old
stipules caused necrosis in the stem, probably because this scar constricted the stem.
Removing all leaf remnants was very laborious. Seedling-derived material had no rest
period nor problems with leaf scars. The best method of starting an adult culture was
to take a node of an extending bud (shoot after flushing) and remove the leaf remnants
directly after sterilization. Seedlings could be cultured from the 2-leaf stage onwards.
Callus was derived from seedling stems and bud cultures originally isolated from
2-year-old trees. Callus growth in liquid culture on the rotary shaker was fast from both
sources. Attempts were made to induce organogenesis in callus clumps, with pulses
of BA 1-4 mmol/1. Some bud development was observed, but meristems might have
accompanied the callus into liquid culture.
Sterilization
The following methods were developed for plane. Before sterilization, the larger leaves
of elongating shoots should be removed as well as all filmy stipules. The shoots or nodes
are then submerged in aqueous ethanol 70 % for 10 s. NaOCl (concentration 13-2 g/1)
is applied for 20 min, at a concentration that depends on the season and on the condi
tion of the shoots. After severe forcing in early winter, the shoots are more tender and
therefore more sensitive to sterilization. If buds flush after natural breaking of dor
mancy in an environment where the humidity is moderate (relative humidity 0.5 - 0.7),
higher concentrations of NaOCl (20 g/1) can be used. Dormant (or at least non-flushing)
buds can tolerate 20-40 g/1. A special problem in plane is that the leaf hairs retain
air bubbles during sterilization. About 4 drops of Tween 20 in 100 ml of NaOCl solu
tion solves the problem. Seedlings are no more sensitive to NaOCl than buds from trees:
again a solution with 20 g/1 is used. There is no need for extra Tween. All expiants are
rinsed thrice for 10 min in sterile water. The period between sterilization and culture
should be as short as possible, because plane tissue suffers from NaOCl combined with
submerging in water: the quicker the leaf surfaces are dry, the better. The best recovery
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from sterilization damage was when the expiants were cultured with a sloping cut sur
face.
Media
All plane expiants develop well on Heller's medium in the initial period. The medium
was modified: NaN03 10 mmol/1 instead of 7 mmol/1; and additions of NH4C1
2 mmol/1, inositol 100 mg/1 and aneurine 0.4 mg/1. The growth regulators were IAA
0.5 mg/1 and BA 0.05 mg/1. However the seedling-derived material soon developed a
preference for the Murashige & Skoog (M & S) medium with the same addition of growth
regulators. Seedlings on M & S had a better colour, with more elongation and axillary
budding. Tree-derived material preferred low-salt media both initially and after many
subcultures. Apparently, seedlings have a higher salt tolerance. Adding organic com
pounds in the initial phase (vitamin, amino acids, casein hydrolysate) had no effect.
5.4

Phases of tissue culture

Axillary budding
In the treatments of the parent trees, the foundation is laid for improving micromulti
plication by adjusting the medium: in plane, good previous treatments are prerequisite
for change in morphogenesis in vitro. Growth regulators are the main determining fac
tors in all phases of tissue culture once the expiants are growing actively. All the results
described here are initial and long-term effects pn standard media for which the optimum
programme of growth regulator has not yet been ascertained.
The optimum ratio of hormones (IAA to 6-BA) for axillary budding, extension growth
and rooting was determined in 2 experiments (Tables 14 and 15; Figure 11), one with
a large IAA range and the other with a large 6-BA range. Seedling-derived material

Table 14. Growth in length of seedling-derived shoots of Platanus orientalis and number of
axillary buds (total mean with necrosis).
Concentration
(/imol/1)

Elongation
(mm)

IAA

6-BA

week 0

week 4

3
3
3
6
6
6
12
12
12

0.2
1.1
5.6
0.2
1.1
5.6
0.2
1.1
5.6

19.5
21.0
17.1
15.9
20.6
21.8
17.6
19.5
20.3

33.6
27.4
22.1
32.7
29.0
26.4
33.2
30.3
23.4
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Number of
axillary buds

Proportion
rooting (%)

week 12

week 4

week 12

week 12

34.8
34.2
22.3
47.7
32.5
23.1
42.9
36.0
24.2

10.7/0.9
11.4/2.5
8.5/2.0
9.7/1.1
11.7/2.1
9.1/2.0
10.4/1.1
12.5/3.2
8.0/2.5

18.5/ 7.0
18.9/ 7.0
8.3/ 4.8
21.9/ 9.4
17.7/10.8
8.5/ 7.3
21.2/ 7.9
20.6/12.1
9.4/ 5.2

73
10
0
83
7
0
90
0
0

showed the fastest elongation on media with the ratio 6 : 0.2 or 9 : 0.2 as indicated
for P. orientalis only (Tables 14 and 15, respectively).
In the first experiment (Table 14), the number of developing non-necrotic axillary
buds in the expiants was largest on media with a ratio of 3 : 0.2,3 : 1.1,6 : 0.2 or 12 : 0.2.
In the second experiment, the optimum was 3 : 2 (Table 15). Rooting was inhibited with
more than 0.2 /imol/1 of 6-BA in the medium. In cultures derived from buds on 5-yearold trees, the optima were 3 : 0.2 for elongation and rooting and 12 : 1.1 for axillary
budding (/^mol/l).

Table 15. Elongation of seedling-derived shoots, and number of axillary shoots (total with
necrosis).
Concentration
(/tmol/1)
IAA
3

9

26

Elongation (mm)
shoots (total necrotic)

Number developing
axillary

6-BA

week 2

week 7

week 16

week 7

week 16

0.2
0.7
2.0
0.2
0.7
2.0
0.2
0.7
2.0

25.2
21.8
25.3
20.5
22.3
22.8
21.7
21.3
22.1

32.7
27.7
30.3
30.7
28.9
28.9
28.7
27.1
25.8

40.8
36.0
35.9
45.2
31.5
32.9
42.1
36.7
32.9

8.2/1.6
9.1/2.0
10.4/3.3
8.1/1.7
11.2/2.9
8.7/3.1
6.6/1.3
7.1/2.7
8.5/3.1

17.3/2.0
16.7/3.2
20.0/2.7
15.2/1.1
16.8/2.5
16.2/3.3
13.5/0.5
16.4/2.3
14.7/2.9
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Table 16. Optimum ratios of concentrations (/trnol/1) of IAA to 6-BA fot the subsequent
phases in vitro (continuous exposure).
Material

Initial phase

Axillary budding

Shoots from seedlings
Shoots from young trees

3 : 0.2
3 : 0.2

12 : 1.1

3 : 2.0

Elongation

Rooting

6-9 : 0.2
3 : 0.2

6-9 : 0.2
6-9 : 0.2

The influence of mixtures of major nutrients and of the addition of organic com
pounds was tested on seedling-derived cultures with an age in vitro of 12 months. The
organic compounds did not improve the multiplication rate, axillary branching or con
dition of the shoots. M & S salts promoted morphogenesis and multiplication more
than Heller's salts.
Elongation
As described in the section on axillary budding, the optima for elongation were deter
mined by IAA (Table 16; Figure 11). High concentrations of BA inhibited extension
growth. Thus in plane, there is a kind of auxin-cytokinin antagonism in axillary bran
ching and elongation: a high ratio of auxin to cytokinin promotes elongation and a
low ratio promotes axillary budding. Elongation and axillary budding compete for
energy. Stimulation of elongation inhibits axillary budding.
GA3 inhibited elongation, whatever the technique of application. If the concentra
tion exceeds 0.1 /imol/1, the condition of the shoots deteriorates quickly. Activated char
coal, which stimulates elongation in most species, induces vitrification in all cultures.
Rooting
Rooting was promoted not by high concentrations of IAA but by reducing or omit
ting BA (Table 14). The maximum proportion of rooting was obtained on media with
IAA at 6 - 9 jtmol/1. On these media, about 90 % rooted in seedling-derived material,
whereas in the shoots of bud-derived material about 65 % rooted (Plate 34).
5.5

Adaptation to soil

Several experiments were done on transfer to the greenhouse. Roots-of plane cultured
in vitro were functional in soil, even if their length was 10 cm or more. However if the
root cortex splits and forms callus, necrosis occurs and the roots break at that point.
Shoots tend to form plagiotropically growing roots attached to the basal callus or to
the basal part of the main axis. These roots change to positive geotropism once they
reach the side of the culture vessel. They tend to break during planting out, because
the power of capillary suction holds the root between the medium and the wall of the
culture vessel and because the attachment to the shoot is not very strong. It is therefore
better to root the shoots without callus so that there is a connection between the cut
surface and the root.
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It was not clear whether leaves formed in vitro functioned in vivo. After the plantlet
had been removed from the culture vessel, the leaves stopped growing but remained
in good condition. New leaves grew in vivo: as soon as they grew out, the leaves formed
in vitro fell. As long as the plantlets adapted to the lower humidity of the greenhouse,
all survived.
5.6

Gene conservation

In preliminary experiments, it was observed that plane shoots were sensitive to drastic
changes in the environment: none of the shoots survived the change from 25 to 6 °C.
Gradual adaptation is under investigation.
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6

6.1

Quercus robur

Introduction

There are two main strategies for propagating Quercus robur.The first is production
of superior seed in selected stands for forestry and the second is clonal propagation
of promising genotypes, for instance for urban areas and roadsides. Tissue culture can
therefore be used as a tool both in sexual and clonal propagation. When tissue culture
is used as an extension of seed production, the gain in wood production may be less
than with clonal forestry but it is still considerable and, more significant, the genetic
variation of a family of trees is maintained. So we tested methods of tissue culture for
both strategies: use of acorns and trees. Standard procedures, unfortunately without
quantitative data on performance, have been described in the literature for embryos
and buds. We have started preliminary studies on growth regulators and cell cultures.
Available descriptions of methods do not contain information on the physiological con
dition of the initial material and is restricted to a limited period in culture. In our
preliminary experiments, phenomena of rest and dormancy occurred in all types of
expiants after a few subcultures: many cultures died during dormancy after the first
cycle. The success of tissue culture is determined even before the material has been
isolated from the tree; we found that the ability of the cultures to react to growth
regulators decreased rapidly in vitro. In our research, we tried to break the inflexible
cyclic growth pattern by applying benzyladenine as pulses and sprays before isolating
expiants in vitro. A major part of this chapter deals with methods of applying growth
regulators.
6.2

Preparation for tissue culture

Temperature and illumination of parent material
Methods of activating acorns, seedlings and trees were developed."For-embryo culture,
acorns from selected trees were gathered from the tree in September (early maturation)
or collected from the soil in October and November and stored at room temperature.
Low temperature and long storage caused the hard outer layer of the acorn to crack
and allowed contamination by bacteria. If the relative humidity exceeded 50 °7o at room
temperature, the storage was limited to about 2 months, because fungi later destroyed
the embryo. At that humidity, the condition of the embryo did not change in the first
7 days, but the cotyledons then lost weight and volume until the tissue was rock hard
after 3-4 months.
Seedlings were produced from acorns of the same trees. The germination temperature
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was 25 °C.
The trees (2 and 5 year old) used in our experiments were from the same origin. They
were packed in plastic in October and stored in the dark at 1 °C for 14 weeks to 1 year.
They were then forced in the greenhouse at 20 °C. The daily light phase was extended
to 16 h with fluorescent tubes (summer) or high-pressure sodium lamps (winter, 160 W).
The sodium light with a high irridance (about 120 W m"2 at tree top) stimulated
elongation after the buds had flushed: the axes were thicker, the new axillary buds had
more biomass and the potential for growth of the shoot tips in vitro was higher. The
use of different light sources influenced the effects of spraying with BA.
Topophysis and genetic variation
The influence of topophysis for oak in the initial phase of culture was substantial.
The potential for growth from buds in the upper part of the crown was 2 to 20 times
as great as in buds on the lowest branches. The same extreme difference was found
between the terminal and the axillary buds, but at the end of a culture period, this distinc
tion was less marked because axillary buds grew for a longer period. Nevertheless, the
topophysical differences were more important than the genetic differences. More in
formation on topophysis is given in the next section.
Sprays and pulses
The major problem in micropropagating Quercus is the occurrence of rest (bud-scale
formation, decreasing growth rate) and subsequent necrosis, even in embryo-derived
shoots. Rest occured sooner in bud-derived material than in embryo-derived material,
but the difference was much smaller if the bud-derived material was rooted.
In an attempt to prevent rest, trees were prepared with BA. Several techniques of
application were developed. In the greenhouse, each 2-year-old trees was sprayed at the
moment of flushing with 20 mg of BA dissolved in aqueous ethanol 50 °/o (v/v). The
elongating shoots were isolated in vitro 10 days after the BA treatment. When BA was
added in vitro, the major effects were found in axillary buds; however treating the parent
trees before excision stimulated activity in the apical buds. Axillary branching of these

Table 17. Influence of spraying 2-year-old trees with BA (20 mg per tree) on occurrence of rest
in buds in vitro.
Time (d)

3
13
31
42
51

Proportion of cultures with
developing apical bud (%)

Proportion of cultures with
developing axillary buds (%)

BA spray

none

BA spray

none

3.7
55.6
7.4
Spray repeated
21.1

0.0
24.0
20.0

11.1
22.2
18.5

12.0
40.0
48.0

5.3

21.1

21.1
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shoots was inhibited with respect to shoots from untreated trees. The stimulatory effect
of the BA spray on the apical development of shoots in vitro had disappeared after
1 month but it recurred when the tree was treated again. Because it is difficult to spray
older trees, a method of injecting BA into the stem was tried out on 8-year-old trees
grown in containers. The injection was given during natural bud flushing in May. No
effects of preparation were found in vitro but this may have been because of the long
period between injection and isolation of tissue culture (10 weeks). Axillary branching
can be induced in buds before isolation from 2-year-old trees by spraying with BA 5-6
times at intervals of a week (40 mg per tree as a solution in aqueous ethanol (50 %),
concentration 1 g 1~'). However, in some experiments the solvent (aqueous ethanol)
influenced extension growth in vivo, especially in the lower parts of the crown (Table
18). Preparation started directly after flushing).
Trees that had been sprayed in the greenhouse with BA flushed earlier and often more
than once and formed much larger buds, which grew out into longer branches after
a period of dormancy. The effects were intensified if high-pressure sodium lamps were
used as additional light sources instead of 'daylight' fluorescent tubes. The dormancy
effects in vitro obscure evaluation of the influence of treatments of parent trees on
morphogenesis in vitro.
Pulse preparation combined with injection (10-2 ml) using a 0.38 mm syringe (after
1 week in culture), at two concentrations (1.0 and 0.5 mmol/1) were tested for their
influence on embryo micropropagation (Table 19). The strongest BA treatment (pulse
and injection of 2 . 10"2 ml 1.0 mmol/1) produced the highest proportion of cultures
and the largest number of new shoots per embryo. However many of these new shoots
were adventitious and thus in some cultures were abnormal. Furthermore, 3 times as
many embryos as in the controls had to be cultured to save 50 cultures that survived
the first month in vitro after this severe BA treatment. The reduced growth rate in the
first month indicated the stress caused by this treatment. In this period, all impulse
treatments of 0.5 mmol/1 and the injection treatment of 0.5 mmol/1stimulated growth
in length. Between the first and the third months, the fastest growth occurred with the
pulse of 1.0 mmol/1 by injection. Growth with injection or impulse of 0.5 mmol/1 was
also faster than that in the controls. After the first month, most developing buds were
observed in the 0.5/0.5 mmol/1 group but 87 °7o of these buds were probably adven
titious. Better results in axillary bud induction were obtained in the 0.5 mmol/1/1.0
mmol/1 and the 1.0 mmol/1/1.0 mmol/1 group. In the second period, the 1.0 mmol/I/1.0

Table 18. Extension growth in length (mm) in vivo. 50 cultures per treatment.
Crown part

Light source
sodium high pressure

Upper
Lower
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fluorescent tubes

BA
spray

solvent
spray

control

BA
spray

solvent
spray

control

36.4
2.5

26.3
10.3

21.9
1.7

18.6

33.6
3.1

13.7
0.5

1.9

mmol/1 group produced most developing buds and branches. However most of the
branches were adventitious and the multiplication rate in this group in vitro was below
zero, because of necrosis and vitrification. The best results for development of axillary
buds branch were observed with the 0.5 mmol/1/0.5 mmol/1: all new developing buds
in the second period were axillary. The reason that there was a small decrease in the
number of adventitious buds in this group was that necrotic parts were cut off the bases
of the embryos. So an impulse and an injection, each of 0.5 mmol/1, is the best for
micropropagating Quercus embryos.
Injecting BA (0.5 mmol/1) 20 /tl into the stem of seedlings 2-4 days old in vivo induced
adventitious buds but only locally.
150 seedlings were injected and compared with 150 untreated plants.
Just before excision, 60.7 % of the treated seedlings had more than 1 developing
bud, whereas the corresponding figure for the controls was only 21.4 °7o. However the
number of developing buds besides the terminal bud per seedling was higher in the
controls (2.22 for the 32 seedlings with more than one developing bud 0.50 for 150
seedlings) than in the plants treated with BA (1.34 for the 91 branched seedlings; 0.80
for 150 seedlings; this means that in the treated group, 68 °7o more buds were activated:
(12.23 x 32) + (1 x 150) against (1.34 x 91) + (1 x 150). This difference in bud develop
ment was retained in vitro. The injection of benzyladenine does not influence the develop
ment of buds into branches nor the branching of the new axes, nor the development
of axillary buds of the cotyledons.
6.3

Initial phase of culture

Explant type
The influence of embryo ripeness was also tested. Maturity, or 'ripeness' was defined
as 'ability to germinate'. The date of acorn collection from the tree proved to be crucial.
During the first 12 days of seed ripening, i.e. the first 12 days after removal from the
tree) only 2.5 -11.0 % of the embryos developed a main stem. (Day O was defined as
proportion zero). Between day 18 and day 26, 75- 93 % showed normal morphogenesis:
all experiments were done in this period. After 1 month, the proportion had fallen to
42 % and after 7 weeks was as low as 20 °7o. By then, most of the acorns had fallen
from the tree. The proportion of endogenously infected acorns rose from 15 % on day
26 to all after 2 months. Only 54.9 % of the untreated embryos collected in 1984 pro
duced shoots capable of rooting and of being transferred to the greenhouse. This propor
tion was not influenced by injection with BA, but rose to 75.1 <¥o after a pulse of BA.
Buds from trees of various ages were cultured. The older the donor tree, the greater
the problem of rhythmic growth in vitro. When the tree was eight years old, none of
the cultured shoot tips survived without drastic BA treatments (e.g. inter-subculture
impulses). As reported earlier, temperature treatments of the parent material are only
successful for one growth period and have no effect in vitro.
Callus was derived from embryos and from the base of shoots cultured in vitro, that
had originally been isolated from 2-year-old trees. The callus was cultured on liquid
media in conical flasks on a rotary shaker. Oak callus survived only on media low in
salt and with frequent subculturing. The callus clumps produced polyphenols during
39
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the first subcultures, which coloured the media purple. We have so far been unable to
induce organogenesis with pulses of BA (1 mmol/1) lasting 3 h.
Sterilization
The following methods of sterilization were developed for oak. Embryos were sterilized
with an intact root primordium and a small part of the cotyledons around the embryo
and were then cultured without cotyledons and root tip. Embryos were isolated at various
stages of ripeness, 1-10 days after storage. Buds were dissected at various stages of
development after the start of flushing.
The sterilization method after dissection was as follows: 10 s in ethanol (70 %), 20
min in a solution of NaOCl with 2 drops of Tween® 20, and 3 rinses with sterilized
water for 10 min each. For embryos, an NaOCl solution of 20 g/1 was used; for flushing
buds, a NaOCl solution of 12 g/1 was used. The proportion of contaminated embryos
was not reduced by repeating the sterilization after keeping the embryos in the dark
at 6 °C for 24 h.
Media
A modified Heller's medium was used as a standard in all experiments (11): NaN03
10 mmol/1 instead of 7 mmol/1 and (NH4) 2SO4 1 mmol, and with the addition of
inositol 100 mg/1 and aneurin 0.4 mg/1. In embryo culture, the medium contained
unwashed activated charcoal (Merck® 2186) 20 g/1. All expiants were grown at 25 °C
with a light phase of 16 h.
The initial development of buds in vitro fully depends on the condition of the mother
plant and is almost independent of the composition of the media: 10 strongly contrasting
compositions were tested. At present, media low in salt and growth regulator seem to
be better for prevention of rest phenomena and subsequent necrosis.
Embryos from acorns were cultured in vitro without cotyledons and embryonic root
tip on media with BAP 5-25 /imol/1 and various sucrose concentrations and without
treatment of parent material. The axillary buds of the cotyledons as well as some adven
titious buds at the base of the elongating main axes developed on all media, indicating
that the sucrose concentration is initially not very important. The composition of the
medium does not significantly influence the total number of developing buds per em
bryo (which varied between 2 and 14). The quality of the buds (less vitrification, better
elongation and leaf development), induced at a lower BAP concentration (5 /unol/1)
was better. In order to induce axillary branching and further development of adven
titious buds, the seedlings in vitro were decapitated; however this resulted in rest
phenomena. The cut top part of the seedling formed a scaled terminal bud and leaf
abscission was observed. Growth and bud development recurred after 4-6 subcultures,
lasting 1 week each on Heller's medium containing activated charcoal.
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6.4

Phases of tissue culture

Axillary budding
Intensive experiment revealed that the stimulating influence of BA on axillary budding
was mainly through activation. A summary of the results is given below. Putting BA
drops (1 mmol/1) on top of embryoderived cultures with a dominant apical bud results
in reactivation and flushing in vitro. Rest phenomena in vitro are usually difficult to
overcome; treatments that are effective in vivo (e.g. cold treatments) have no influence
in vitro: on the contrary, cold treatments in vitro induce rest instead of breaking it,
especially in cultures derived from buds on the higher branches. BA drops were also
applied to shoots from buds of 2-year-old trees (Table 20): buds were reactivated after
only 2 weeks and remained in that state longer than in the embryo-derived shoots of
the same age in vitro. Adding BA reactivated development of axillary buds. Reactiva
tion of apical buds occurred as often after addition of BA as after shortening the sub
culture period. When the treatments were combined, new apical development was observ
ed earlier. With frequency 7 weeks, all cultures were dormant after 1 year in culture.
In all experiments, impulses and sprays with BA as well as BA treatments as drops
in the initial stage or at subculture were more effective in stimulating axillary budding
than adjustments to the medium. Axillary budding continued only in embryo-derived
cultures if 20 ^1 drops of BA (1 mmol/1) were applied every 2 months a week before
transfer. If the medium after transfer contained activated charcoal, the proportion of
shoots with apical development was less, but the proportion with axillary budding was
better (Table 21).
Table 22 shows that the major rest-breaking treatment in culture of intact embryos
is the high frequency of subculture. This effect disappeared when the old subculture
frequency was used in the third cycle; if frequency was 3-4 weeks, breaking of rest
became less successful but was not entirely ineffective. The addition of BA clearly
enhanced a rest-breaking effect on axillary buds of all embryo-derived shoots. If the
shoots were not subcultured 1 week after the addition of BA, the same amount of break
ing of dormancy occurred (about 30 °7o). All controls then remained in rest.

Table 20. Influence of the frequency of subeulturing and the addition of drops containing BA
on phenomena of rest in buds isolated from 2-year-old trees with an agein-vitro of 12 months.
Dosage of BA: a few drops of 0.1 ml of a solution with 1 mmol/1 (90 buds per treatment).
Frequency
(week)

7
4
4
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Addition
of BA

—
-

+

Proportion of cultures
with developing apical
bud (%) at day

Proportion of cultures
with developing axillary
buds (%) at day

1

13

18

49

1

13

18

49

0.0
0.0
0.0

0.0
46.2
63.2

0.0
69.2
57.9

0.0
38.5
31.6

0.0
0.0
0.0

0.0
7.7
52.6

0.0
15.4
47.4

0.0
7.7
15.8

Table 21. Effect of activated charcoal (+ AC) in the subculturing medium after applying drops
of BA (1 mmol/I) on cultures derived from embryos with an age in vitro of 12 months. 120
embryos per treatment.
No pulse
control

Shoots with apical growth (%)
Shoots with bud scales (%)
Axillary budding without bud scales (%)

58.8
38.1
30.3

Subculture on
Heller's medium
+ AC

- AC

36.5
22.0
50.8

58.5
27.0
40.6

Table 22. Influence of the addition of drops containing BA (1 mmol/1) ( + BA) on phenomena
of rest in branches developed on embryos that had not been subcultured intact. The embryos
had been cultured for 1 year.
Time (d)

Proportion of branches with developing buds (%)
axillary

terminal

8
15
43
99
130

+ BA

- BA

+ BA

- BA

0.0
0.0
29.6
6.5
0.0

0.0
0.0
28.0
0.0
0.0

0.0
0.0
31.5
21.3
0.0

0.0 (BA drop)
0.0 (subcultured)
22.0
6.0
0.0

Decapitation also stimulated axillary branching but it was not as efficient as a BA
treatment. The cut shoot tips only survived if they succeeded in rooting. In general,
diminishing the biomass of the cultures increases the risk of necrosis.
Elongation
Growth in length of embryos and formation of leaves started together in initial culture.
In bud-derived cultures, a few leaves formed before elongation started. Elongation was
not stimulated by GA3 and occured on standard Heller's media with IAA (0.5 mg/1)
and BA (0.05 mg/1). Once the shoots were rooted, internode elongation was further
stimulated. Embryo-derived cultures should be prevented from rooting in the initial
phase by severing the root tip, because otherwise root development inhibits elonga
tion.
Rooting
The rooting experiments can be summarized as follows. Embryo-derived cultures
root on Heller's medium with IAA 0.5 mg/1 or IBA. There is no need to omit BA from
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Table 23. Phenomena of rest in bud cultures from 8-year-old nursery-grown trees. Buds were
collected in August; bud set was completed on the older branches. A = buds from higher bran
ches; B = buds from lower branches, still elongating 30 buds per treatment.
Culture temperature

(°C)

A:
25
A;
9
B: 9/25

Proportion of cultures with rest phenomena (%)
18

46

8.6
86.7

5.7
17.1

0.0

0.0

the first subcultures, but once a basal callus has been formed, rooting is inhibited by
BA. In bud-derived cultures, BA always inhibits rooting. High concentrations of auxin
only stimulate extension of the basal callus and not root induction.
6.5

Adaptation to soil

Oak plantlets were easily hardened off in the greenhouse; all cultures that were not
dormant survived this transfer. The new leaves formed in vivo were darker green and
were soon larger than the leaves in vitro. At that moment, the leaves formed in vitro
stopped developing, but no abscission occured. Roots tended to split longitudinally
to form exogenous callus in vitro in embryo-derived cultures. These roots were not func
tional. However, this phenomenon was only observed if roots developed initially: roots
induced after a few subcultures were functional in vivo if transferred to soil when up
to about 2 cm in length. Once in the greenhouse, growth periodicity was no longer a
problem. Rhythmic growth continued without cold treatments, as in seedlings, but at
a slower rate.
6.6

Gene conservation

The results of the gene conservation experiments can be summarized as follows. If
oak shoots are kept at 6-9 °C, dormancy is induced, especially if the mother tree was
more than 2 years old (Table 23). Apparently these temperatures were too high to stop
growth and development completely.
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7

7.1

Populus spp.

Introduction

The genus Populus is planted on a variety of sites, the main requirement being an
adequate supply of water. Improvement programmes have produced many clones
adapted to different climatic conditions, soil properties, growth habit and form, and
resistance to disease. Poplars are found all over Europe in stands, lining roads and rivers,
and in towns. The rate of turnover, usually 4 times per century, makes the trees valuable
as fibre producers. They are also used as pioneer species for new sites. Interest in poplars
has grown since research in some European countries and North America has shown
that this species had rich potential for very short-rotation forestry. However only a few
of the available clones and hybrids are used. The occurrence of diseases like bacterial
canker are reason for the improvement programmes to produce new, better adapted,
more resistant and faster growing clones. The introduction time of these clones will
become shorter, because it is only a matter of time before the old clones are attacked
by disease. The material of older varieties should be stored in gene banks. Propagation
by tissue culture can be helpful in shortening the introduction period of new clones.
Micropropagation, intensively practised all year around, has reduced the introduction
time of new clones from about 6 to 2 years. As will be described, poplars in vitro can
be stored at 6 °C for 1 year without subculturing and without losing regeneration capaci
ty. Since the utility of tissue culture is mainly in the introduction period, it is important
to study the mother plant and the initial culture period. The different clones, hybrids
and species vary in propagation efficiency. Therefore, extremely different clones have
been used in this study: Populus trichocarpa, 3 clones; Populus deltoides, 3 clones;
Populus tremula, 3 clones; the Populus x euramericana group, 3 clones and P. alba
x P. glandulosa (= Yeogi) hybrids, 2 hybrids.
7.2

Preparation for tissue culture

Temperature and illumination of parent material
Populus species may be relatively easy to manipulate in micropropagation. Rejuvena
tion techniques are a prerequisite for successful methods. Buds were rejuvenated by
cutting the trees to mother stools that produced 1-year-old shoots. Older branches from
the stools were not used, because we experienced an increased risk of contamination
later in vitro: all stools were cut every year. The 1-year-old shoots were collected in October
because hardening off was not complete before that month and, after that month,
endogenous bacterial growth reaches the newly formed buds, resulting in contamination
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after isolation in vitro. The shoots were packed in plastic, max. 10 together, and stored
at 4 °C for 6-8 weeks to break dormancy. After the cold treatment, the shoots were
disinfected in aqueous ethanol 98 Vo (spray) and washed with soap. After this, they
were given a long rinse in warm water (6 h at 30 °C) to stimulate bud activity during
forcing. The shoots were also washed and disinfected if the cuttings destined for cold
storage had been taken during wet weather. After the cold period the material was forced
at 20 °C in a Halamid® -disinfected plastic tent or a similarly disinfected pollination
cabinet at high relative humidity of 0.7. Shoots cut in October took 10-16 days to be
forced, depending on the clone. The light period in winter during forcing was extended
to 16 h with fluorescent tubes (type 33, 15Wm"2 at twig tip). Forcing was in hydroculture with sucrose (20 g/1) and Hoagland's solution. Five drops of NaOCl (160 g/1)
prevented contamination in the nutritional medium. The twigs rooted in hydroculture
and could be re-used after a new cold period in autumn. Breaking of dormancy was
then done on rooted cuttings, again in plastic.
P. tremula was propagated from the tips of shoots induced in the cambial ring of
root segments. Roots of diameter 2 cm were collected from trees in the field. The soil
was washed from the roots; after the root surface was almost dry they were stored in
plastic for 60 days at 4 °C. The best collection month is December, because shoot
regeneration is less efficient at later collection dates and is impossible at bud flushing.
After the cold treatment, the roots were cut into 1-node segments and washed in captan
(8 g/1) for 20 m. The shoots emerged from the root segments at 20 °C in peat. Regenera
tion takes 2-3 weeks. No additional lighting was used.
Antibiotics (rifampicin, trimethoprin) used on the mother plant did not prevent the
proliferation of endogenous bacteria. We tested the effects of antibiotics added to the
water culture and their effects on the plant.
Topophysis and genetic variation
Topophysical effects in Populus are not as dominant as in Pseudotsuga. The terminal
buds on shoots in water culture developed earlier than those at the base. This difference
in rate of development was maintained in vitro. In rooted cuttings, bud development
proceeded upwards from the base. Topophysical differences in poplar buds in vitro were
maintained for only 2 subcultures when axillary buds were compared; terminal buds
maintained their difference for many subcultures: they were larger and grew faster.
The genetic variation in Populus is large, as indicated by many examples in the section
on phases of tissue culture. Because of this large variation, the optimum method for
micropropagating the poplar group can only be given up to a certain degree: the final
method for a single genotype must be worked out by the grower.
Sprays and pulses
As observed for Salix alba, BA sprays are not effective on shoots in water culture
(BA g/1 in aqueous ethanol 50 Vo, 40 ml for 10 shoots). However the rooted cuttings
responded to this BA spray: axillary budding was induced in vivo. In Populus, sprays
and pulses with BA were no more efficient than continuous exposure to BA in the culture
medium.
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7.3

Initial phase of culture

Explant type
Buds were isolated from trees of various ages and from shoots on mother stools after
different frequencies of cutting these plants. The period of isolation was also thoroughly
tested. Shoot tips just after bud flushing always produced the best expiants, whether
the flushing occurred naturally or after dormancy had been broken artificially. In
preliminary experiments, very old trees and old mother stools were tested. Buds from
these mother plants always developed very slowly and the multiplication rate was low.
So rejuvenation is now always induced by cutting back the tree or, for P. tremula, by
taking root cuttings. If growth rate and multiplication rate are used to assess rejuvena
tion, then the shoot tip material from root segments is the most rejuvenated.
Callus was isolated from shoots in vitro and was successfully cultured on Murashige
& Skoog (M & S) liquid media with variations in the concentration ratio of NAA to
BA. Particle size and growth rate in liquid-shaking cultures were found to be largely
determined by the ratio. So far, attempts to induce organogenesis by continuously
applying high concentrations of BA have failed.
Meristems were successfully cultured on standard M & S media. Meristematic clones
with only 2-3 leaf primordia were extremely difficult to dissect. The proportion of
initial cultures surviving was variable, but was usually around 25 %. About half of
these meristems started leaf formation, the other half deteriorated though vitrifica
tion. Meristems from special buds stood a better chance of surviving the initial phase
than those from the basal buds. Spraying the mother plant with BA did not improve
the results.
Sterilization
Endogeneous contamination in Populus is difficult to eradicate. The following
methods were most successful for endogeneous and exogeneous contamination. Poplar
shoot-tips from root segments or buds shortly after flushing are sensitive to ethanol.
But the ethanol treatment was necessary to remove small bubbles of air. So the shoot
tips were only dipped in aqueous ethanol 96 % and immediately thereafter were washed
in sterile water for about 1 min. The duration of exposure to NaOCl and the concen
tration used depended on the explant type and on the period of excision. The most
sensitive explant type, the shoot tip of root segments, could stand only 10 min of NaOCl
at 12 g/1. Dormant buds could stand no more than 20 min at 50 g/1 and flushing buds
could tolerate 16 g/1 for this period. The chloride solution contained 20 drops of Tween
20^ per litre. The NaOCl was washed off by rinsing 3 times in sterile water for 10 min.
Antibiotics in the initial culture medium (rifampicin or trimethoprim 20 mg/1) had
little bacteriostatic effect and significantly reduced the growth rate of the expiants.
Repeated sterilization further reduced contamination but usually by less than 10 %
compared with single sterilization. When the contamination was visually detectable,
further sterilization treatments usually had little effect. The systemic fungicide Benlate®
(1 mg/ml, 5 min) can eliminate fungi in vitro after the spores have been removed
mechanically. Repeatedly treating flushing buds with Halamid® retarded extension
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growth in vivo on branches in waterculture, but by reducing contamination the period
during which buds could be excised was prolonged. Resterilization with HgCl2 (2 g/1,
10 min) was found to be very effective, but the method was abandoned because of its
potential danger to human health.
Media
Rest phenomena were found to be less of a problem than in Quercus, but 30-70 %
of the cultures could be lost in the first 3 months in vitro if the buds had been taken
during the period of dormancy. If the bud had been isolated during flushing, only a
few cultures died but activity was reduced during the first 3 months. The composition
of the initial medium was therefore not the main reason that such a high proportion
of the cultures failed in the first 3 months in vitro. The influence of the composition
of the medium could only be thoroughly tested after 5 months in vitro. The complete
Murashige & Skoog medium was chosen as the standard medium. Initial survival on
this medium is better than on Heller's. We used a sucrose concentration of 20 g/1, and
NAA (0.1 mg/1) and BA (0.02 mg/1) as standard growth regulators.
7.4

Phases of tissue culture

Axillary budding
Two factors determined axillary budding: the ratio of concentrations (mmol/1) of
NH/ : NOf and the BA concentration. However the basal multiplication rate depends
on the genotype, explant type and date of excision. At a substance ratio of 21 : 39 and
with BA 0.1 /tmol/1, the mean monthly multiplication rates after isolation during flushing
were 14 for P. trichocarpa, 9 for P. 'Robusta' and P. tremula and 7 for P. deltoides.
With a ratio of 21 : 20, the same multiplication rate was obtained without BA. A com
bination of ratio of 21 : 20 and BA concentrations 0.1 //mol/1 usually increased bud
formation and also vitrification: the number of excisable axillary branches in vitro did
not increase significantly. The ratio 21 : 20 stopped extension growth in 'Robusta'. If
the BA concentration exceeded 0.1 /xmol/1, vitrification and the number of axillary buds
increased. However adventitious buds were also observed, especially in P. trichocarpa
cultured from nodal segments. P. tremula shoots were found to tolerate 1-5 ^mol/1,
although growth was reduced; for the other poplars, BA was kept at 0.1-0.2 /xmol/1.
Activated charcoal (0.2 kg/1) strongly inhibited axillary budding.
Elongation
In preliminary experiments, growth in length was stimulated when half the concen
tration of the M & S major nutrients was used. In later experiments, this effect proved
to be caused by the concentration of N (Figures 12, 13 and 14; Tables 24 and 25). The
concentrations of NH4+ and N03~ were important, but the effects in the various poplar
types were diverse. The highest relative elongation occurred in the first two weeks
(without activated charcoal) but this period shifted to Weeks 4-7 if half the concen
tration of NO3" was used (Table 24). Per clone and treatment, 30 shoots were used.
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Table 24. Influence of the ratio of concentrations of NH4+ to NO3 (mmol/1) on relative growth
in length and number of newly formed elongating excisable axillary shoots.
Relative (%) elongation

d 17

d 30

d 44

MS
MS
MS

14.6
3.1
2.9

9.2
14.3
- 12.3

5.8
13.5
6.5

1.9
2.5
1.7

2.0

2.3
5.4
1.4

21 : 39 (standard)
21 : 20
10 : 39

Number
MS 21
MS 21
MS 10

of newly formed axillary shoots
: 39
: 20
: 39

4.4
1.4

The negative relative growth was caused by necrosis. The M & S 21 : 20 medium was
found to be best for micropropagation, even though morphogenesis started slowly. The
results were obtained at relatively low concentrations of growth regulators: NAA 0.1
mg/1 and BAP 0.02 mg/1.
Most axillary budding always occurred at the end of the culture period (weeks 4-7),
irrespective of elongation. Activated charcoal (20 g/1) was found to strongly stimulate
most poplar types (Figures 12, 13 and 14), once they had adapted to AC media. In the
initial phase on AC media, i.e. directly after transfer from 'transparent' media, activated
charcoal may inhibit elongation; but again this depends on the ratio of NH4+ to N03~
(Table 25).
Averaged over the media, there was no influence of activated charcoal on clone 2094,
a positive effect on clone 6471 and a negative effect on Yeogi 1. When elongation was
averaged over the clones and the media, the inhibition of growth as a result of adding
AC was only clear in the first 44-day period. In Yeogi 1, AC inhibited growth on all
media. However shoots of this clone had adapted to the M & S at full strength (i.e.
with NH4+ to NO3" at 21 : 39) medium without AC for a very long period. The experi
ment was repeated with more shoots that had adapted to the media used. In Clones
6471 and 2094, AC stimulated growth on M & S at half strength and M & S full strength
but with substance ratio of NH4+ to NO3* at 21 : 20.
Activated charcoal in the second AC cycle stimulated growth of shoots with a high
age in vitro by a factor of about 4, in P. 'Robusta' (Figure 12); by a factor of 2 in P.
trichocarpa (Figure 13) and by a factor of 0.1 in P. alba x P. glandulosa (Figure 14).
These clones were chosen for the experiments with AC and nitrogen because their mor
phogenesis in vitro differs greatly (both in profuseness and in quality). In P. 'Robusta'
shoots, AC changed the exponential slope of growth in length into an S-shape. Growth
measurements every 4 days clearly showed that, like Pseudotsuga shoots, poplar shoots
often grow discontinuously: this makes a statistical analysis of the time course difficult.
Furthermore, the measurements resulted in graphs of growth with different slopes
for the 3 chosen poplar types. The optimum substance ratio of N03~ to NH4+ of the
M & S medium (normally 39 : 21) for extension growth was 20 : 5, with or without
AC, for all poplar types. The most extreme influence of AC was observed in P. 'Robusta'
shoots on media with an N ratio of 20 : 21 (Figure 12). The ratio 20 : 21 was optimum
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Table 26. Optimum concentrations (mmol/1) of NH-i1" to NOi in the different phases in vitro
with activated charcoal (+ AC) or without (- AC).
Initial
- AC
NH4+
NO.r

Multiplication
- AC

Elongation
- AC

Rooting
- AC, + AC

21

21

5

5

39

20

20

20

for multiplication, but worst for elongation with or without AC. The influence of N
balance on extension growth and multiplication is thus antagonistic. The optimum ratios
found for N salt for the subsequent in vitro phases are shown in Table 26.
Rooting
Since rooting is no problem in Populus, more attention was paid to root quality. P.
tremula, P. trichocarpa and the alba x glandulosa hybrids formed roots on the initial
medium. For P. deltoïdes and P. 'Robusta' omitting BA from the medium was suffi
cient to initiate rooting. An NAA or IBA concentration of 1 ^mol/1 was sufficient to
ensure rooting and root branching. Higher concentrations of auxin disturbed the root
to shoot ratio, overstimulated root branching and resulted in callusing of the roots.
At a ratio of 5 : 20 mmol/1 and with NAA 1 ^mol/1 rooting was usually 100 % except
in some of the P. deltoïdes clones (85-100 %). The critical minimum mass for root
induction was found to be a 2-node expiant.
7.5

Adaptation to soil

Transfer to soil caused no problems in poplar. As substrate, we used a 1 : 1 mixture
of peat and sand. Hardening-off to lower humidity took only 10 days. The root length
at planting out should not exceed 2 cm. Shoots that were too long tended to fall over
and rotted at the high initial humidity in vivo. P. deltoïdes should be transferred while
actively elongating because in several cases it was observed that resting shoots are hard
to re-activate. The loss of this species during planting out is about 5 %; that of the
other poplars is 1 % or less.
7.6

Gene conservation

We thoroughly tested long-distance transport in vitro and storage of poplar in vitro.
Plant material was sent or taken to China, New Zealand and the United States. Singlenode expiants were placed in closed Petri dishes. The medium contained 5 <Vo mannitol
to reduce activity during transport. Recovery, even after 1 week at high temperatures,
was over 90 °7o.
Gene conservation at 10 °C fails because growth continued, exhausting the medium
in 6 months. At 4 °C (relative humidity 0.8; irradiance 7 W m ~:), the Yeogi hybrids,
P. trichocarpa 6471 and P. 'Robusta' grew very slowly and their condition was accep52

table after a year without subculture. Activated charcoal may play a role here. However
some of the expiants showed nodules on the roots in AC media in the cold climate
chamber and these developed slowly into shoots against the wall of the culture tube.
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8.1

Ulmus spp.

Introduction

Elm trees grow last and are highly tolerant of difficult environmental conditions,
as in urban areas. The use of elm has become difficult and the number of elm trees
in European cities is rapidly falling as a result of the second epidemic in this century
of an aggressive strain of the Dutch elm disease. The tree-improvement programme
had just produced clones resistant to the first strain when the second came. No resis
tant types are yet available. Tree improvers are trying to breed for resistance as fast as
possible, but are hampered by the slowness of propagation. Micropropagation reduces
the time needed to introduce new types for testing and gamete production, thereby
speeding up improvement. The easiest way to micropropagate elm is to start with tips
of cambial shoots on root segments. Our research was therefore not restricted to a single
explant type. We have developed micropropagation methods for Ulmus villosa and the
latest promising clones of Ulmus.
8.2

Preparation for tissue culture

Temperature and illumination of parent material
Untreated buds were taken after natural breaking of dormancy in the field. The dor
mancy of root segments 9 cm long was broken by storing them in plastic at 1-4 °C
for at least 2 months; this was particularly successful if the roots had been removed
from the soil before December. Shoot induction on root segments was induced in a
1 : 1 mixture of peat and sand at 20 °C. The shoots emerged from the cambial layer
spontaneously: no hormonal treatments were needed. Extending the light period was
found to be sufficient for shoot growth, even in winter: higher «radiance inhibited
elongation. At a daylength of 8 h, the shoots are too tender and therefore too sensitive
to sterilization treatments.
Topophysis and genetic variation
Buds from the lower branches had a faster growth rate and a shorter initial period
of inactivity in vitro.
The genetic variation was large in elm, more substantial than the topophysical dif
ferences. The variation within clone in growth in length of material coming from the
same root segment was remarkable, as was that between shoots from different segments.
This last phenomenon seemed to depend on the volume of the segment and thus on
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the availability of stored carbohydrates. Selecting segments 9 cm long with a diameter
of between 20 and 25 mm was found to reduce variability. Thinner roots suffered dur
ing disinfection whereas the variability increased on thicker root segments.
Sprays and pulses
Shoot tips from root segments were found to be very sensitive to pulses of growth
regulator. If sterilization was followed immediately by a BA or IAA pulse, all the shoots
looked vitrified at the moment of transfer to the culture tube and had lost turgor. Shoots
from root segments in vivo could be hardened by rooting them through a dip with aux
in, but once in vitro the tips of these plants started to callus and lost most structure
in the stem. So it was decided to restrict preparation of parent material for tissue culture
to temperature treatments.
8.3

Initial phase of culture

Explant type
Buds from trees 5 and 15 years old were cultured after they had flushed inside a pollina
tion bag that had been placed around the branch. The progress of bud development
in vivo was monitored through a transparent plastic window in the bag. Before being
enclosed in the bag, the branch was disinfected with soap and ethanol. Branches ex
posed to the sun were not used, because enclosure in a bag would have caused the
temperature to rise and brought problems of contamination. All buds proved to be
physiologically much older than cambial shoot tips and therefore they developed much
more slowly in vitro. Another difference is that bud-derived cultures start developing
slowly. The elongation and multiplication rates of more mature initial tissue were always
slower than that of the juvenile cambial shoots. The fact that shoots from root segments
are adventitious is, theoretically, a disadvantage, since this pathway of organogenesis
is usually associated with a higher proportion of genetic aberrations. However after
transfer to soil, the material was uniform. No strange types were observed in the first
3 years of development. However a final assessment of trees can only be made after
years of field testing.
Callus was induced on the stem of cambial shoot tips in vitro with BA at a concen
tration of 0.1 /miol/1. Since this callus is of juvenile origin, it grows fast in liquid culture
(orbital shaker) as well as on solid media in Petri dishes. If induction had taken place
at high concentration of BA, e.g. 1 /tmol/1, growth was much faster and the particle
size in liquid culture decreased to less than 0.1 mm. Organogenesis was observed in
liquid culture only after a pulse of BA (1 ^mol/1) in the dark. The induced buds did
not develop into shoots easily, because immersion in the medium caused vitrification.
It has not yet been proved that the buds are from a transferred pre-existing meristem.
Sterilization
Precautions against contamination were begun on the tree or after the cold treat
ment of the root segments. As described in the section on expiant types, the branches
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were disinfected before the buds flushed. The root segments were immersed in Captan®
(1 %) for 20 m and then immediately placed in steamed peat in transparent disinfected
boxes.
Shoots derived from buds or root segments were immersed in aqueous ethanol 96 °7o
and then rinsed for 1 min in sterile water. The shoot tips were subsequently placed in
NaOCl (12 g/1) for 10 m. The solution contained 7 drops of Tween® 20 per litre. The
NaOCl was rinsed from the tissue three times for 10 min in sterile water.
Media
Elm expiants (shoots and callus) were cultured on Heller's medium with NaN03
10 mmol/1 instead of 7 mmol/1 and with the addition of (NH4)2S04 1 mmol/1. The
standard growth regulators used were IAA (3 jimol/1) and BA (0.1 ^mol/l). The sucrose
concentration was 30 g/1. However we found little difference if Heller's major nutrients
were replaced by Murashige & Skoog's and if IAA was replaced by NAA. The ratio
of auxin to cytokinin and of NH4+ to N03~ determined the axillary budding and elon
gation.
8.4

Phases of tissue culture

Axillary budding
The intensity of axillary budding in Ulmus villosa was highest on Heller's medium
(ratio of N03~ to NH4+ 10 : 2) and of IAA to BA 3 : 0.1. Transfer to media with a high
salt content (Murashige & Skoog) caused severe apical necrosis and intensive basal
axillary branching. Once adapted to the new medium, branching stopped and only single
shoots grew. If the initial medium was Murashige & Skoog (N03~ to NH/ 39 : 21) ax
illary budding could be induced by lowering the concentration of NOf to 20 mmol/1
or by adding IBA to the standard medium. Clonal differences were always substantial.
On standard media with NOf 20 mmol/1, multiplication increased 5-fold in 1 clone,
became zero in another and was between these extremes in 4 other clones. The best
groups of plants had roots and a basal callus that tended to turn brownish. Rootless
shoot tips formed white callus and remained with a single axis, and grew slowly. If con-

Table 27 Influence of concentration of IBA (/imol/1) on the proportion of shoots with axillary
budding; n = 120.
Clone

1040
1045
1049
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Proportion of shoots with axillary budding (%)
at concentration of IBA
0.25

0.50

1.00

83
11
73

12
29
77

30
24
77

centration of N03" was lowered and NH4+ was omitted from the medium, the results
were poor, except in 1 clone.
For the experiments on the influence of IBA on axillary budding, 3 clones that had
shown a different morphogenesis in vitro in earlier experiments were chosen (Table 27).
As observed in the experiments on the N ratio, the differences between the clones were
substantial; also the proportion of cultures of the clones that responded to variations
in the composition of the medium varied. Clone 1040 multiplied best on 0.25 junol/l,
Clone 1045 did best on 0.50 or 1.00 jtmol/1, and Clone 1049 had no preference (Table
27). As observed in our earlier experiments, Clone 1045 produced shoots that were dif
ficult to root and that did not easily produce axillary shoots.
Axillary budding was inhibited by high irradiance (43 W m"2). If the multiplica
tion rate is high, a neutralizing interculture period should be introduced before transfer
to soil, because the induced branching continues in vivo, resulting in bushes instead
of trees.
Elongation
In material derived from root segments, we found that about the same elongation
rate observed in vivo continued in vitro in the initial culture phase, if roots had been
induced. The growth rate was slower in the subsequent subculture but remained high
(about 1 mm/d) without periods of rest. The growth rate in vitro was slower than in
vivo in the early growth period in all species.
Changes in the N content usually had the opposite effect on elongation than on axil
lary budding, but there were exceptions. Lowering the NOf concentration reduced
growth in all clones.
The antagonism between elongation and axillary budding was not observed when
the influence of IBA was studied (contrast Table 27 with Figure 15).
The exponential stage of growth started after 4-10 d. This moment depended on
the concentration of IBA. Clone 1040 started slowly and had no significant preference
for any of the concentrations of IBA in the first two weeks in culture, but soon 0.25
/xmol/1 proved to be the optimum concentration. The optimum concentration for Clone
1045 was clear from the outset: 0.1 jtmol/1. Growth on this medium was almost linear
in the first 4 weeks. In Clone 1049, the influence of IBA was less and different. Again,
1 /xmol/1 was optimum, but the final difference was created at 0-5 d and at 15-25
d. In these periods, the growth rate on 0.25 /tmol/1 and 0.5 /xmol/1 was lower than on
1.0 jtmol/1. In the other periods, the growth rates on the different media were the same.
The growth rate in vitro remained high, if the frequency of subculture coincided with
the point in the graph of growth at which the rate rapidly decreased to zero. In Clone
1040, this point was after 29 d (IBA 0.25 ^mol/1), or day 35 (IBA 1 /imol/1); in Clone
1045, it was after 30 d (IBA 1 ^mol/1; other concentrations were stable for 45 d); in
clone 1049, it decreased at 56 d (all concentrations).
Rooting
On the standard medium, rooting was 90-100 % in all clones. Additional stimula
tion only induced uncontrolled formation of the undesirable 'dusty' white callus. If
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Absolute
extension
growth(mm)

Figure 15. Influence of the concentration of IBA on extension growth of cambial shoot tips derived
from root segments (3rd subculture).

NAA was used without BA, roots were shorter and thicker. With IAA or IBA (1 /tmol/1),
roots were thin and branches were sturdier, which made it necessary to transfer the
plantlets to soil earlier, because the branches broke easily when they were more than
3 cm long.
8.5

Adaptation to soil

Elm plantlets all survived after transfer to soil if they were hardened to the lower
humidity over 14 days. Survival was promoted by easy root regeneration when roots
were damaged during transfer. The leaves formed in vitro were found to be functional
in vivo (leaf length 2-10 mm) but fell off as soon as new leaves formed in the apical
section of the plantlet. As mentioned earlier, axillary budding had to be slowed down
before transfer to soil to prevent the occurrence of 'bushy' plantlets. A strange feature
was plagiotropic growth in about a quarter of the plantlets. This disappeared after one
cut back. This growth habit was expected in bud-derived cultures, because meristems
are programmed to form plagiotropic branches. However in plantlets derived from buds,
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it had not previously been observed either in vitro (parameter angle of leaf implant)
or in vivo.
8.6

Gene conservation

Shoots were stored at temperature 4, and relative humidity 0.8 with a light phase
of 16 h on standard media. Regeneration capacity was found to be maintained for one
year without subculture. At the end of this period, the plantlets were leafless and had
started secondary growth in girth. Axillary buds that were not dormant, being green,
appeared after abscission but did not develop. Our findings indicate that shoots can
best be stored when multi-nodal and with more than one axis. Regeneration was in
duced, starting from 2-nodal segments, cut from the large culture. At least a few of
these segments regenerated into plantlets. In the first 8 weeks, much callus formed on
these shoots; root formation was reduced. It proved necessary to cut callus from the
culture twice a month, to prevent total disintegration. Performance in storage and
regeneration was the same, whether standard Heller's or Murashige & Skoog media
were used.
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Plates
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Chapter 2. Alnus glutinosa
Plate 1. A 5-year-old tree sprayed weekly with BA, 10 days after the onset of bud flushing.
Plagiotropic growth habit has changed to orthotropic; next year's buds have begun to develop
(for methods, see text).
Plate 2. Bud morphogenesis (current and next year's) on Heller's medium with activated char
coal in a shoot tip from a BA-sprayed 5-year-old tree.
Plate 3. Callus in solid culture originally derived from an embryo. Heller's medium, IAA 3 /imol/1,
BA 0.1 nmol/l.
Plate 4. Formation of axillary and adventitious buds in embryo culture with cotyledons after
BA application as a 3-hour pulse. Period in culture: 6 days.
Plate 5. Intensive branching and necrosis after repeated weekly application of drops of BA
(1 mmol/1) on 8-week-old embryo-derived culture.
Plate 6. Micrografting of a mature meristem on a seedling germinated in vitro. Age at grafting:
6 days; photograph taken 7 days after meristem transfer.
Plate 7. Elongation in a seedling shoot tip induced by a GA3 pulse of 0.1 mmol/1. Morphogenesis
4 weeks after the pulse.
Plate 8. Rooting of a plantlet with an age in vitro of 2 years on standard Heller's medium. Roots
and shoot overdeveloped for transfer to soil.
Plate 9. Comparison of plantlet (left) and seedling growth (right) 6 weeks after transfer to soil
or after germination. The age in vitro of the plantlets was 18 months.
Plate 10. Intensive bud formation at the base of a plantlet transferred to soil, as a result of BA
treatments in vitro. Photograph taken 5 months after transfer to soil.
Plate 11. Early nodulation in roots of material produced in vitro. Age in vivo 8 months, 6 weeks
after inoculation with a suspension of Frankia.
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Plate 3

Plate 4
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Plate 7
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Plate 8

Plate 9

Chapter 3. Salix alba
Plate 12. Plastic tent for hormonal spray treatments on rooted cuttings. At the back: GA3 spray;
in front: BA spray. Morphogenesis 2 weeks after bud flushing.
Plate 13. Stimulation of the development of axillary buds after a spray with BA. The elongating
shoots break through the growth periodicity. Clone: Barloo.
Plate 14. Initial culture of a shoot tip after a 3-hour pulse with BA 0.5 mmol/1. The necrosis
is caused by the high pH (9) of the pulse. Axillary budding after 14 days. Clone Belders; medium
standard Heller's.
Plate 15. Single-node expiant after a pulse treatment with BA (0.5 mmol/1) during subculture.
Bud activity after 6 days on Heller's medium with activated charcoal 5 g/I. The discoloration
disappears rapidly.
Plate 16. Elongation induced by GA3 0.3 mmol/1 in a single-node expiant. The GA3 does not
prevent rooting. Elongation 14 days after transfer to the GA3 medium.
Plate 17. Double-node expiant with short roots; suitable plantlet type for transfer to soil.
Plate 18. Rooting of a elongated shoot, grown with a high irradiance (43 W m~2) on Heller's
medium without BA and with activated charcoal 20 g/1. Rooting unsuitable for transfer to soil.
Last subculture 20 days previously.
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Plate 15

Plate 16

Chapter 4. Pseudotsuga menziesii
Plate 19. Derooted 8-day-old seedling 35 days in initial culture after a 3-h 1 mmol/1 BA pulse.
View from above of the terminal buds with intensive axillary budding. The same results were
obtained after apolar culture on a medium with BA 0.02 mmol/1 and subsequent reversal.
Plate 20. Adventitious bud formation on the cotyledons of an embryo. The buds were induced
in initial embryo culture for 28 days on Heller's medium with BA 0.02 mmol/1. After subculture
activated charcoal 20 g/1 was added. Photograph taken 10 days after transfer.
Plate 21. Macroscopic view of an adventitious bud coming from the subepidermal layers of a
cotyledon.
Plate 22. Outgrowth of 4 of the adventitious buds induced by BA on an embryo; suppressing
the remaining buds. Development of other buds continues after decapitation.
Plate 23. Misformed bud from a 2-year-old tree, cultured on Heller's medium with BA 10/xmol/l.
The new buds developed from the meristems in the axils of the needle primordium. The original
bud developed during 2 subcultures each of 4 weeks on this medium.
Plate 24. Dormant shoots induced by an 8-h light period. In vitro age 2 years. Treatment lasted
8 weeks.
Plate 25. Shoot type suitable for root induction: originating from the stem of a 2-year-old tree,
growing rhythmically, just starting a new growth phase.
Plate 26. Root development on a shoot originally derived from a 2-year-old tree. For induction,
the bottom part of the tube is darkened and the shoot is inserted into the medium through
aluminium foil. The induction medium contained IBA 50 /imol/1. Induction took 4 weeks,
outgrowth 10 weeks.
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Chapter 5. Platanus
Plate 27. Repeated weekly BA sprays starting at flushing induced axillary budding on the tree.
This budding is sustained in vitro. There are 3 axes growing from a single bud. Plate taken 3
weeks after flushing (P. x acerifolia).
Plate 28. After a period of dormancy, 13 months later, axillary budding activity induced the
previous year with BA is even more intensive without new sprays of BA.
Plate 29. Effects of spraying growth regulators on P. acerifolia (01) and P. orientalis (02). A BA
spray retarded growth more than in controls; GA3 stimulated elongation but this difference be
tween GA3 treatment and controls disappeared after isolation in vitro.
Plate 30. Bud cluster from a BA-sprayed 5-year-old tree. The clusters have suffered from the
sterilization treatment.
Plate 31. Axillary budding of a bud after a BA pulse of 0.5 mmol/1. Platanus is sensitive to sub
culture pulses: much vitrification is observed afterwards.
Plate 32. Sustained growth of P. orientalis after the normal vegetation season, caused by spray
ing with BA 5 mmol/1 (ethanol 50 % as solvent), which prolonged the period during which shoots
could be excised.
Plate 33. Single-node expiant taken from a BA-sprayed tree, on standard Heller's medium. At
excision, the axillary bud appeared to be dormant; plate taken on day 15.
Plate 34. Rooting of an elongated shoot (age in vitro 6 months) achieved by omitting BA from
the standard medium. Roots and shoot were overdeveloped for transfer to soil.
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Plate 31

Plate 33
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Plate 32

plate 34

Chapter 6. Quercus robur
Plate 35. Mature grafts in a plastic tent under sodium high pressure light. Stage of bud extension
at third spray with BA.
Plate 36. Multiple bud set on a branch 3 months after the last spray with BA. Length of clothes
peg 20 mm.
Plate 37. Bud-scale formation in a multi-axis embryo-derived culture. Branching induced through
a pulse with BA 4 months earlier. Heller's standard medium.
Plate 38. Callus in liquid culture on the orbital shaker. The callus is embryo-derived, 8 months
old, growing on Heller's medium.
Plate 39. Embryo, showing intensive branching 4 days after a 3-hour pulse with BA 0.5 mmol/1.
The culture turned green in the first week.
Plate 40. Embryo 21 days after a pulse of BA 0.5 mmol/1. One of the adventitious buds has sup
pressed all other buds.
Plate 41. Mature bud culture, 4 months old. New axillary development has been induced by ap
plying drops of BA solution 1 mmol/1 14 days previously. The last subculture was 7 days before
plate was taken.
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Plate 35

Plate 36
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Plate 37

Chapter 7. Populus spp.
Plate 42. Influence of weekly sprays with BA (1 mg/ml in ethanol 50 %) on axillary budding
during flushing in vivo (P. trichocarpa). Plate taken 10 days after flushing, after 2 sprays.
Plate 43. Comparison of plantlets (right) and seedlings (left) of P. tremula before transfer to
the nursery.
Plate 44. Influence of the ratio of substance concentrations of NOf to NH4+ (mmol/1) on ex
tension growth of single shoots, 7 days after initiation of the single axis cultures (elongation phase).
Each treatment with and without activated charcoal. Left to right: M & S, M & S, M & S 20 : 21
and M & S 20 : 5 (P. 'Robusta').
Plate 45. Influence of decreasing concentration of IBA (left to right) on elongation and rooting.
Axillary budding was stopped 2 cycles earlier (P. tremula).
Plate 46. Regeneration test of gene bank material after 9 months at 4 °C. Already after 1 week
at 25 °C (photo), the onset of activity can be observed (P. 'Robusta').
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Plate 44
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Chapter 8. Ulmus spp.
Plate 47. Emergence of shoots from the cambial layer of root segments (for technical details
see text).
Plate 48. Influence of spray with BA(1 mg/ml in aqueous ethanol 50 %)on the onset of axillary
branching before excision. The leaf damage was caused by the solvent. Photograph taken 2 weeks
after spraying.
Plate 49. Uncontrolled callus formation in shoot tips from rooted cuttings. The cuttings were
taken from root segments and treated with auxin. Standard Heller's medium.
Plate 50. Callus derived from shoot tip in liquid culture, 8 months old. Heller's medium without
growth regulators.
Plate 51. Callus derived from shoot tip in liquid culture, 8 months old. Enhanced growth and
reduced particle size caused by adding BA 4 /imol/1 and NAA 0.1 /tmol/1 to Heller's medium.
Plate 52. Influence of the ratio of NOJ" to NH4+ on branching and elongation (NAA 1 ^mol/1,
BA 0.1 /nmol/1). Left, 20 : 21; middle, 39 : 21; right, 20 : 5.
Plate 53. Regeneration test of gene bank material after 9 months at 4 °C. After 1 week at 25 °C
(plate), the onset of activity can already be observed.

80

Plate 46

Plate 50

Plate 52

Plate 51

Plate 53
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The key factor in wood production is the optimalization of propagation methods in all
phases of the process of tree improvement and during plant production. In horticulture,
micropropagation has proved to be an efficient method with high multiplication rates.
Many of the advantages of this form of biotechnology hold especially true for trees: an
example is the year-round plant-production period. Methods have been developed to
multiply the number of propagules from superior seed and to propagate outstanding
genotypes from buds.
This book draws upon a survey of research done by the Physiology Department of the
Dorschkamp Research Institute for Forestry and Landscape Planning Wageningen on the

genera Pseudotsuga, Alnus, Platanus, Quercus, Salix, Populus and Ulmus. Techniques are
described for four organ or tissue types: bud, embryo, meristem and callus. The
subsequent phases of tissue culture are described for all species, stressing technological
barriers and avoiding the usual attention for only axillary budding.

Pudoc Wageningen
ISBN 90-220-0926-2
NUGI 835

