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Abstract

Direct rooting and rooting via a wound tissue in Pinus sylvestris  L. and Pinus
contorta  Dougl. ex Loud. hypocotyl cuttings in vitro were studied. Direct rooting
usually occurred within three weeks after cutting. Three to four weeks after
cutting, roots developed either directly on the hypocotyl or via a wound tissue.



Later than one month after cutting, rooting took place predominantly via a wound
tissue. Anatomical studies showed that certain tissues in the hypocotyl could either
form wound tissue or roots. Cuttings not treated with auxin developed a wound
tissue from which roots eventually emerged. Wound tissues were usually fairly
organized structures consisting of a central tracheid nest surrounded by
meristematic tissue. Auxin treatment was necessary for direct rooting in vitro.
When the cuttings were treated with auxin (IAA or IBA), roots usually developed
outside resin ducts, in vertical rows along the length of the hypocotyl. Optimal auxin
treatments for direct rooting of Pinus sylvestris  and Pinus contorta  were defined
in terms of the time course for development of roots and the yield of rooted
cuttings within one month. The optimal auxin treatments for Pinus contorta  gave
rooting percentages of more than 80% within 19 days and half of the cuttings which
possessed roots after one month had acquired them within 14 days. For Pinus
sylvestris , the optimal auxin treatments gave a lower yield (45%) of directly rooted
cuttings. 

Uptake studies with tritium-labeled IAA showed that the cuttings had a passive
mode of IAA uptake. The optimal IAA treatment for direct rooting of Pinus
contorta  (6 h with 5.71 mM) resulted in a mean IAA concentration (5.55 µmol/g
fresh weight) in the basal 3 mm of the hypocotyl that was similar to that in the
treatment solution. Eighteen hours after transfer to new culture medium, the IAA
concentration was 1.4 and 2.0 µmol/g fresh weight respectively in the upper and
basal parts of the hypocotyl, which was where root initiation took place. Differences
between individual cuttings in auxin uptake could not explain the poor direct rooting
of Pinus sylvestris  hypocotyl cuttings cultured in vitro.

In vitro culture inhibited root elongation growth. However, after transfer of rooted
cuttings from in vitro to hydroponic culture, root elongation growth increased
markedly.
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Preface
This thesis is a summary of studies related to rooting of Pinus  hypocotyl cuttings
in vitro. The studies are presented in the communications listed below and some
previously unpublished results are also included. The communications are referred
to by Roman numerals. The investigations have been carried out at the Department
of Physiological Botany, Uppsala University, Sweden. Reprints were made with
permission from the journals.

I. Grönroos, R. & von Arnold, S. 1985. Initiation and development of wound tissue
and roots on hypocotyl cuttings of Pinus sylvestris  in vitro. - Physiol. Plantarum
64: 393-401.

II. Grönroos, R. & von Arnold, S. 1987. Initiation of roots on hypocotyl cuttings of
Pinus contorta  in vitro. - Physiol. Plantarum 69: 227-236.

III. Grönroos, R. & von Arnold, S. 1987. Initiation of roots on hypocotyl cuttings of
Pinus sylvestris , with emphasis on direct rooting, root elongation growth and auxin
uptake. - Physiol. Plantarum. (submitted).

IV. Grönroos, R. & von Arnold, S. 1987. Direct rooting of hypocotyl cuttings of
Pinus contorta  in vitro with emphasis on IAA treatment, uptake and distribution. -
Physiol. Plantarum. (submitted).

V. von Arnold, S. & Grönroos, R. 1986. Anatomical changes and peroxidase activity
after cytokinin treatments inducing adventitious bud formation on embryos of
Picea abies . - Bot. Gaz. 147: 425-431.



Distinction of contributions according to Swedish statute-book (Svensk
författningssamling 1977:263, 8 kap, 35): Roland Grönroos is responsible for all
parts in I, II, III and IV. In V, Roland Grönroos is responsible for all parts concerning
peroxidases.
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Cover .  Hypocotyl cuttings of Pinus contorta  cultured in vitro; top, immediately
after preparation from a nineteen-day-old seedling; below left, two months after
cutting, one root emerging from wound tissue; below right, one month after cutting
and treatment with 5.71 mM IAA for 6 h, 23 roots emerging from the hypocotyl.
From II, Fig. 1 and Fig. 14 and from IV, Fig. 2.
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Introduction
Cloning or vegetative propagation of trees has been "a useful tool in traditional tree
improvement", and it "promises to be the basis of a revolution in tree improvement"
(Libby 1986). "The great promise of clones is for production forestry" (Libby
1986). However, if clonal forestry practice becomes more intensive and continues
for several tree generations, the natural genetic base of the forests may
deteriorate and could even be destroyed (Krugman 1986, Olsson 1985). "We are
responsible for making sure that biotechnology poses no threat to the ecological
systems we wish to manipulate as well as to maintain" (Krugman 1986). 

Conifers may be vegetatively multiplied in several different ways, for example via
grafting, cuttings, adventitious shoots or somatic embryos. For a review, see
Dunstan and Thorpe (1986) or Thorpe and Biondi (1984). The two latter methods
benefit from or require the use of in vitro techniques for large scale propagation.
Commercial production of Pinus radiata by tissue culture methods with production



levels of two million plants per year is under development by Tasman Forestry
Limited in New Zealand (Gleed 1985). However, rooting of adventitious shoots
(Aitken-Christie and Thorpe 1984) and root development on embryos (Hakman and
von Arnold 1985) are often limiting steps. For example, only about 10% of vigorous
adventitious shoots from embryos of Pinus sylvestris  rooted spontaneously after
about 10 months in culture (Shen and Arnold 1982) and about 10% of Picea abies
somatic embryos developed roots (M. Becwar personal communication 1986). During
the 6:th International Congress of Plant Tissue and Cell Culture, attention was
called to the necessity to study root quality (Boulay 1986, Mott et al. 1986) since
poor growth of in vitro multiplied conifers had been observed in the field. To sum up,
there is a considerable demand for increased knowledge about rooting and root
quality in conifers propagated in vitro. The aim of this project was to develop
reproducible 
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culture methods for rooting of conifers, especially Pinus sylvestris , in vitro and to
study root quality.

Background
Rooting of conifers 
In general, rooting in conifers is a slow process. This is partly because cuttings of
most conifers, especially Pinus , Abies  and Picea , produce roots via a wound tissue
(Satoo 1956). Nevertheless, direct rooting of cuttings, without formation of a
wound tissue, may occur and is generally faster than rooting via a wound tissue. In
Pinus banksiana  (Montain et al. 1983) and in Cryptomeria japonica, Chamaecyparis
pisifera, Thuja occidentalis  and Pinus strobus  (Satoo 1952, 1955), spontaneous
direct rooting of cuttings has been reported and in Pinus radiata , direct rooting
occurs after IBA treatment (Smith and Thorpe 1975a,b). Development of
adventitious roots may also occur directly on the hypocotyl of intact plants of
Cypressus sempervirens  and Taxus baccata  (Van Tieghem and Douliot 1888). 

Selection of plant material  Heterogeneity of the plant material, slow growth and
labour intensive production of adventitious shoots in vitro, together with
disappointing experiences with rooting, made adventitious shoots impractical for
rooting studies. Therefore, a model system for rooting in vitro was looked for. A
uniform and easily produced cutting material with documented rooting ability,
suitable for in vitro culture, was required. Studies on rooting in the model system
would yield knowledge that could later be used to develop rooting methods suitable
for in vitro produced adventitious shoots of Pinus sylvestris . Pinus sylvestris  has
been considered a difficult to root species (Whitehill and Schwabe 1975). All
examined adventitious roots of Pinus sylvestris  developed from a wound tissue
(Satoo 1956). However, during the last decade, several reports on successful
rooting of juvenile Pinus sylvestris  
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material have been published (Eliasson and Strömquist 1981, Ernstsen and Hansen
1986, Hansen et al. 1978, Hansen and Ernstsen 1982, Phillion et al. 1983,
Strömquist 1979, Strömquist and Hansen 1980, Whitehill & Schwabe 1975,
Yli-Vakkuri and Pelkonen 1976). From these studies it seemed that the easiest
material on which to induce roots was hypocotyl cuttings, i.e. the upper part of
seedlings that were cut at the middle of the hypocotyl. Hypocotyl cuttings of Pinus
sylvestris  could be rooted without IBA treatment but a slightly faster rooting was
obtained with IBA treatment (Strömquist and Hansen 1980). Hypocotyl cuttings of
Pinus sylvestris  were thus chosen as a model system for rooting in vitro. 

During the initial studies on Pinus sylvestris  (I), it became clear that rooting via a
wound tissue was too slow and unpredictable. Therefore methods for direct rooting
were required. Pinus contorta  and Pinus radiata  had been reported to be easy to
root (Aldén and Chalupa 1984, Smith and Thorpe 1975a,b). An initial experiment
showed that, after an IBA treatment, they could induce roots faster than Pinus
sylvestris  and anatomical studies showed that the roots developed directly on the
hypocotyl. However, the large size of Pinus radiata  hypocotyl cuttings made them
impractical to work with in vitro. Pinus contorta  was thus chosen as a model plant
on which to study and improve the methods for direct rooting. Methods for direct
rooting were developed and studied in Pinus contorta  (II) and thereafter the
knowledge about direct rooting was applied on Pinus sylvestris  (III).

Auxin treatment and uptake



Plant growth regulators have become useful tools in agricultural and horticultural
practices (Wareing and Phillips 1981). For example, the practical uses of auxins in
flower induction, as herbicides and for rooting of stem cuttings have been found to
have commercial value. Auxin treatment 
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and uptake were studied to find out whether direct rooting of Pinus contorta  and
Pinus sylvestris  could be obtained by auxin treatments and, if so, how much auxin
was necessary for direct rooting. Auxin treatment usually has a positive effect on
rooting of conifers (Bowen et al. 1975, Hansen and Ernstsen 1982, Larsen and
Dingle 1969, Patel and Thorpe 1984, Phillion et al. 1983, Whitehill and Schwabe
1975). In Pinus radiata , IBA was required for direct root initiation (Smith and
Thorpe 1975b). Many auxin combinations, concentrations and treatment times have
been tested and very different treatments which yield high rooting percentages
have been found. For example, about 90% of Pinus sylvestris  cuttings produced
roots when treated either with 10 µM IBA for 6 weeks (Hansen and Ernstsen 1982)
or with 20 mM IBA for 5 s (Phillion et al. 1983). 

No studies concerning uptake of auxins to pine cuttings have been found. However,
uptake of benzyladenine (BA) to Picea abies  and Pinus sylvestris  cuttings showed
that BA uptake was passive (Vogelmann et al. 1984) and IAA uptake by Phaseolus
aureus  cuttings was proportional to the concentration of auxin in the treatment
solution (Jarvis and Shaheed 1986). However, it should be remembered that factors
other than auxin uptake may also limit rooting e.g. metabolism of auxin taken up
(Haissig 1986), limited transport of auxin to the target cells (Jarvis 1986) or the
target cells' ability to detect the applied auxin (Trewavas 1982).

Inhibition of tracheid formation
Due to the extensive differentiation of tracheids during wound tissue formation, it
was reasoned that there might be a competition between rooting and tracheid
differentiation. Therefore, an attempt to inhibit tracheid formation was made. The
activity of the enzyme phenylalanine ammonia-lyase (PAL) has been correlated to
xylogenesis (i.e. tracheid formation) and to the formation of vascular nodules (i.e.
tracheid nests) in 
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callus (Haddon and Northcote 1976). PAL activity has also been suggested to be a
rate-limiting step in lignification (Rubery and Fosket 1969). For a review on the role
of PAL in plant development, see Jones (1984).

A potent inhibitor of PAL, a-amino-oxy-ß-phenylpropionic acid (AOPP), was described
by Amrhein and Gödeke (1977). AOPP has been shown to be rapidly taken up by cells
in suspension cultures and to inhibit PAL both in vivo and in extracts (Havir 1981).
It was also possible to reverse AOPP inhibition of maize PAL but not of soybean PAL
in extracts by dialysis (Havir 1981). 

Marker for root and bud initiation 
Since root initiation in wound tissue was difficult to predict, a marker for root
initiation was desired to help in further studies on rooting via a wound tissue. There
is substantial evidence that peroxidase activities in cuttings are related to rooting
(Haissig 1986) and in Cynara scolymus , peroxidase activity could be used as a
rooting marker in efforts to improve rooting (Moncousin and Gaspar 1983). A
relationship between bud formation and peroxidase activity changes has also been
shown (Legrand and Vasseur 1972, Nakanishi 1979, Thorpe et al. 1978, Mäder
1975, Thorpe and Gaspar 1978, Negrutiu et al. 1979, Kevers et al. 1981). Increase
in peroxidase activity may favour bud initiation by changing the endogenous
auxin-cytokinin ratio since peroxidases have auxin oxidase activity (Kevers et al.
1981). For an overview of plant peroxidases, see Gaspar et al. (1982) and Greppin
et al. (1986). Since adventitious buds formed without callus formation on embryos
of Picea abies  and their development had been carefully characterized (von Arnold
1982; von Arnold and Eriksson 1985; V), isolated embryos of Picea abies  were used
for studying peroxidase activity as a marker system for differentiation in conifers.
Variation in peroxidase activity during bud initiation has not previously been studied
in conifers. 
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Results and discussion



Plant material and root formation  (I, II, III and IV)
A uniform seedling material of Pinus sylvestris  L. and Pinus contorta  Dougl. ex
Loud. was produced in vitro. After a germination and growth period of 2 to 4 weeks,
cuttings were prepared (see cover). By that time, at least two of the cotyledons
had been released from the seed coat. The cuttings were severed approximately at
the middle of the hypocotyl, well above the transition zone between root and
hypocotyl. Cuttings developed a wound tissue from which roots eventually emerged
(see cover). Cuttings treated with auxin (IAA or IBA), developed roots directly on
the hypocotyl (see cover).

Hypocotyl anatomy  (I and II)
Seedlings of Pinus sylvestris  and Pinus contorta  had very similar hypocotyl
anatomies (Fig. 1) (I, Fig. 2; II, Fig. 2). They both had a lignified epidermis with
stomata, a cortex composed of chlorenchyma, an endodermis with casparian strip,
a pericycle, a parenchyma layer, alternating xylem and phloem strands, cambium
and a pith.

Fig. 1.  Tissue map of the hypocotyl of Pinus contorta .
A resin duct is frequently formed centrifugally to the xylem. 
From II, Fig. 2. 
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Wound tissue formation and rooting via a wound tissue  (I, II and III)
Cells which were cut by the knife during preparation of the cuttings died but
adjacent intact cells usually survived. After six days these cells had started to
enlarge and the cell division frequency in the basal part of the hypocotyl had
increased, especially in the cortex, pericycle outside xylem, parenchyma outside
xylem and cambium (II). Tracheids shorter than those normally found in the
hypocotyl differentiated. After about two weeks, the epidermis and cortex split
open (I, Figs 7-8). Usually an aggregate of short tracheids (tracheid nest) formed
during the third week. A meristematic tissue surrounded the tracheid nest on all
sides except the connection to the vascular system of the cutting (I, Figs 9-10).
Cell divisions in the meristematic tissue increased the size of the wound tissue and
after three months it consisted of a fairly organized woody structure with a
diameter of 3-4 mm (Fig. 2) (I, Figs 15-16 and 19-20; II, Figs 14-15). This type of 

Fig. 2.  Hypocotyl cutting of Pinus contorta  2
months after cutting. Longisection through
hypocotyl, wound tissue and root, note the few
short tracheids between root and wound tissue.
Scale bar, 0.1 mm. From II, Fig. 15.
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wound tissue was commonly observed on cuttings cultured in solid medium.
However, other types of wound tissue were also observed, some that almost
entirely consisted of irregularly arranged short tracheids (I, Fig. 22) and others
that were fairly callus like, with large parenchymatic cells (I, Fig. 23; II, Figs 12-13).
The latter type was most commonly observed during culture in liquid medium. 

After three weeks, some cuttings started to form roots from the wound tissue.
About 40% of the cuttings were rooted within two months (I). Rooting continued for
at least nine months (III). The age of the seedlings did not affect the rooting
percentage or the number of roots per rooted cutting. Sometimes, only a few
tracheids were present in the transition zone between root and wound tissue in
Pinus contorta  (Fig. 2). In Pinus sylvestris , the vascular connection between root
and wound tissue was more sturdy than in Pinus contorta . 

Auxin treatments  (II, III and IV)
Auxin treatment was necessary for direct rooting in vitro. Optimal treatments of
IBA and IAA for direct rooting were defined in terms of the time course for
development of roots and the yield of rooted cuttings within one month.
Treatments considered to be optimal for direct rooting of Pinus contorta  gave
rooting percentages of more than 80% within 19 days and half of the cuttings which
possessed roots after one month had acquired them within 14 days (Fig. 3) (II). This
type of rooting was obtained after 

Fig. 3.  Time course for rooting of
hypocotyl cuttings of Pinus contorta
after various IBA-treatments.
Optimal IBA treatment 80 µM IBA for
4 days (o). Suboptimal IBA treatment
80 µM IBA for 1 day (o).
Superoptimal treatment 80 µM IBA
for 8 days (o). Data are based on at
least 27 cuttings per treatment.
From II, Fig. 5. 
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treatments with 80 µM IBA for 4 to 6 days, 1.25 to 5 mM IBA for 6 h or 5.71 mM
IAA for 6 h (II and IV). Suboptimal treatments gave lower yields of rooted cuttings
and superoptimal treatments resulted in delayed rooting or in partial necrosis of
some cuttings (Fig. 3) (II and IV). Similarly, an optimal IBA treatment was defined
for Pinus sylvestris . However, in Pinus sylvestris , the highest yield of rooted
cuttings within three weeks (i.e. the period of direct rooting) was only 45% after an
optimal IBA treatment (III). One explanation for the lower yield of rooted cuttings of
Pinus sylvestris  could be that high IBA concentrations and/or longer treatments,
which might otherwise have improved rooting, harmed Pinus sylvestris  cuttings.
Direct rooting of Pinus sylvestris  was 4-5 days slower than direct rooting of Pinus
contorta , i.e. half of the cuttings which possessed roots after one month had
acquired them after 18-19 days in Pinus sylvestris  compared to 14 days in Pinus
contorta . However, the time course for rooting of Pinus sylvestris  after IBA
treatment was considerably faster than previously described (Phillion et al. 1983,
Satoo 1955, Strömquist and Hansen 1980). IAA functioned less well than IBA for
direct rooting of Pinus sylvestris  (III).

Initial anatomical events in direct rooting  (II)
Six days after cutting, the cell division frequency in the basal 0.2 to 2.4 mm of the
hypocotyl was much higher after an optimal IBA treatment (about 120 mitotic
figures per mm) than in untreated cuttings (about 20 mitotic figures per mm). The
highest mitotic activity was found in the parenchyma outside xylem. Root initials or
root apical meristems in the hypocotyl could not be identified 6 days after cutting.
Other tissues with high mitotic activities were the cortex, pericycle outside xylem
and cambium. The mitotic activities in these tissues and in the parenchyma outside
xylem were similar 0.2 to 2.4 mm from the cut surface of IBA treated cuttings
(which developed roots directly on the hypocotyl) and 0 to 0.2 mm from the cut
surface of non-treated cuttings (which developed 
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wound tissue). It was therefore concluded that, depending on the position and



treatment, similar tissues may produce either wound tissue or roots.

Anatomy and morphology of direct rooting  (II and III)
Roots usually formed in rows along the length of the hypocotyl, outside the resin
ducts, which were parallel with and centrifugal to the primary xylem (Fig. 4) (III, Fig.
2). Occasionally, roots also formed in other places in the hypocotyl. Direct rooting
usually occurred within three weeks after cutting. Three to four weeks after
cutting, roots developed either directly on the hypocotyl or via a wound tissue.
Later than one month after cutting, rooting took place predominantly via a wound
tissue. However, when IBA treatment was delayed to one month after cutting,
direct rooting could be obtained within three weeks from the treatment time(III). 

Fig. 4.  Transverse section of the
hypocotyl of a Pinus sylvestris  cutting,
one month after cutting. Immediately
after preparation, the cutting was
treated with 1.23 mM IBA for 24 h and
thereafter cultured in vitro. Note the
root, the base of which is situated
outside a resin duct. Abbreviations: Pi,
pith; PX, primary xylem; R, root; RD,
resin duct. Scale bar, 0.2 mm. From III,
Fig. 2. 

Intermediate type of rooting  (previously unpublished)
It might be necessary to discriminate an intermediate type of rooting from rooting
via a wound tissue and direct rooting. The intermediate type of rooting is common in
hydroponic culture (non-sterile conditions) and is characterized by roots that
develop with almost the same time course as 
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direct rooting but at or very close to the cut surface. These roots seemed to have
a larger diameter and grow faster than roots produced higher up on the hypocotyl.
More research has to be done to characterize the intermediate type of rooting. 

Root anatomy  (II and III)
The anatomy of the adventitious root apex was similar to that previously described
for conifers (II) (Esau 1960, Wilcox 1954). The number of xylem strands in
adventitious roots of Pinus contorta  was always two. In adventitious roots of
Pinus sylvestris , two, three or four xylem strands were observed. Since lateral
long roots of Pinus sylvestris  were always diarch and primary roots were diarch,
triarch or tetrarch depending on the distance from the hypocotyl (Aldrich-Blake
1930, Noelle 1910 as quoted by Hatch and Doak 1933), adventitious roots of Pinus
sylvestris  were similar, in this respect, to primary roots. 

Auxin uptake  (III and IV)
Uptake studies with a fixed amount of tritium-labeled IAA mixed with various
amounts of unlabeled IAA showed that the uptake of radioactivity was independent
of the amount of unlabeled IAA in the medium (III, IV). The uptake of tritium
occurred mainly by uptake of the nutrient solution. It was therefore concluded that
the cuttings had a passive mode of IAA uptake. Release of tritium and distribution
to different parts of the cutting took place only during the first 18 h after
tritium-IAA treatment. The concentrations of IAA in the cuttings and medium were
calculated from tritium measurements without taking breakdown or metabolism of
IAA into consideration. The optimal IAA treatment for direct rooting of Pinus
contorta  (6 h with 5.71 mM) resulted in a mean IAA concentration (5.55 µmol/g
fresh weight) in the basal 3 mm of the hypocotyl that was similar to that in the
treatment medium. Eighteen hours after transfer to new 
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culture medium, the IAA concentration was 0.7 µmol/g fresh weight in the whole
cutting and 1.4 to 2.0 µmol/g fresh weight respectively in the upper and basal
parts of the hypocotyl, which was where root initiation took place. However, it is not
clear how much of the auxin found in the hypocotyl influences the tissue in which
root initiation occurs. It is probable that most of the IAA taken up is initially located
in the xylem and has to be transported to the root initiating tissues. Although
cuttings of Pinus sylvestris  were about three times heavier than cuttings of Pinus
contorta , the concentration of exogenous IAA in the cuttings were similar after



treatment with 1.43 mM IAA for 6 h. Treatment of Pinus sylvestris  with 1.43 mM
IAA for 24 h resulted in a concentration of 0.91 µmol/g fresh weight (III). This
represented a 2000 to 20000 times higher internal IAA concentration than the
normal endogenous concentration of IAA found in Pinus sylvestris  needles
(Sandberg et al. 1982). However, it was very close to the IAA concentration (0.96
µmol/g fresh weight) found after an optimal IAA treatment of Pinus contorta
(5.71 mM for 6h) (IV). Furthermore, after these treatments, the range of IAA
concentrations in cuttings of both species was similar. Yet only a few cuttings of
Pinus sylvestris  rooted, while 82% of Pinus contorta  cuttings rooted within 3
weeks after treatment with IAA. Therefore, it was concluded that inability to take
up auxin or variations in auxin uptake was not a probable reason for the difficulties
in obtaining direct rooting of Pinus sylvestris  cuttings in vitro.

Comparison between in vitro and hydroponic culture  (II and III)
In this study, hydroponic culture always refers to culture under non-sterile
conditions. The uptake of IAA was faster when the cuttings were treated in
hydroponic culture compared to treatment in vitro (III). After IBA treatment, the
time course for rooting of Pinus sylvestris  was similar in hydroponic culture and in
vitro (III). However, within three weeks after cutting, the yield of rooted cuttings
was higher in hydroponic culture (III). 
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Although the number of roots per rooted cutting was higher when the cuttings were
cultured in vitro (III), the most pronounced difference between in vitro and
hydroponic culture was the rate of root elongation (II, III). Root elongation was
inhibited by in vitro conditions. Several possible explanations for this inhibition were
investigated but the reasons for the poor root elongation growth are still unclear
(III). The only way to obtain satisfactory root elongation growth was to transfer the
cuttings to hydroponic culture.

Effect of activated charcoal  (I)
Addition of activated charcoal was tested, since it had been shown to improve
rooting in monocotyledons (Fridborg and Eriksson 1975), dicotyledons (Eliasson
1981) and conifers (Patel and Thorpe 1984). Addition of activated charcoal to agar
solidified medium stimulated rooting via wound tissue. About 75% of the cuttings
had developed roots after two months compared to about 40% without activated
charcoal. However, the response to activated charcoal was not similar in all
experiments. Sometimes wound tissue growth was stimulated instead of rooting and
large wound tissues from which no roots developed formed in up to 95% of the
cuttings. However, these large wound tissues supported growth so that the
cuttings obtained similar fresh weights as root forming cuttings in vitro. How
activated charcoal stimulates rooting is still unclear, although it might be by
adsorbing growth regulators or inhibitors (Fridborg et al. 1978, Weatherhead et al.
1978, Tyagi et al. 1980).

Effects of AOPP on wound tissue formation and of light period on
rooting of Pinus sylvestris  hypocotyl cuttings  (previously unpublished)
PAL activity in the basal six mm of the hypocotyl during wound tissue formation in
cuttings increased to a maximum that was about four times higher than in control
seedlings six days after cutting. Thereafter, the PAL 
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activity declined. Nine days after cutting, it was similar in cuttings and seedlings.
PAL activity was measured as change in absorbance at 290 nm per time and fresh
weight. Treatment of cuttings with 0.1 mM AOPP for 6 days resulted in complete
inhibition of growth. Higher concentrations and/or longer treatment times (i.e. 0.1
mM for 9 days; 0.5 mM for 6 days or 12 days) resulted in necrosis. For lower
concentrations and/or shorter treatment times (i.e. 0.006 mM for 6 h, 24 h, 3
days, 6 days and 9 days; 0.1 mM for 6 h, 24 h and 3 days), the time was recorded
when 50% of the cuttings had a split epidermis (the first sign of wound tissue
formation) (see I, Fig. 8). For all treatments tested, there was a delay in splitting of
the epidermis compared to controls. The diameter of the wound tissue that was
formed on cuttings treated with 0.006 mM AOPP for 9 days was 1.1±0.1 mm. On
control cuttings, the wound tissue diameter was 1.6±0.1 mm (means ± 95%
confidence limits). Three weeks after cutting, lignified short tracheids were found
(after phloroglycin-hydrochloric acid staining) in cuttings that had been treated
either with 0.006 mM AOPP for 9 days or with 0.1 mM AOPP for 24 h. From these
experiments it was clear that PAL activity had a peak during wound tissue



formation, that AOPP could be used to inhibit wound tissue formation and that the
inhibition was probably reversible. However, no rooting was obtained after AOPP
treatment.

The effect of different light periods on rooting (without auxin treatment) in
agar-solidified medium was tested by first producing seedlings in 8, 16 and 24 h
light periods and thereafter culturing cuttings from each of the light period
treatments under all three light conditions. No significant differences in rooting
were found between the treatments. The photoperiodic effects on rooting of
non-woody cuttings were recently reviewed by Andersen (1986). He concluded that
long days usually promoted rooting, but the effect was not spectacular.
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Marker system for adventitious bud initiation in Picea abies  (V)
Similar, rather large, changes in peroxidase activity were observed in embryos that
developed adventitious buds and in control embryos that did not developed any
adventitious buds. Therefore, total peroxidase activity was not useful as a marker
for direct bud initiation. Large increases in peroxidase activity were found during
root initiation. However, peroxidase studies were not continued due to the
discouraging results on a marker for bud induction. Furthermore, changes in
peroxidase isoenzyme patterns during rooting possibly occur after the induction
phase (Jarvis 1986).

Conclusions and research suggestions
This project has shown that at least two different types of root formation, direct
rooting and rooting via wound tissue, can be obtained in Pinus sylvestris  and Pinus
contorta . Initiation of roots occurred in meristematic tissues either outside the
resin ducts (i.e. in tissues that eventually would have developed into cambium) or in
meristematic tissue layers in the outer part of a wound tissue. In vitro culture was
not inhibitory to root initiation but root elongation was severely inhibited. 

During this project, some questions were formulated but remain unanswered. These
questions are given below as suggestions for future research. They are divided into
three main groups.

1. Characterization of adventitious roots. Are adventitious roots comparable to
primary roots? How fit are the roots to support the needs of the shoot for uptake
and transport of nutrients and water? What are the gravitropic and chemotropic
responses of adventitious roots? Can adventitious roots cooperate with
mycorrhiza? Will normal, faster or slower growth rates of the cuttings be obtained
compared to seedlings? Will adventitious roots show normal lateral root formation
and root dormancy?
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2. Application of auxin treatments on rooting. Can direct rooting be obtained in
cuttings from old trees and adventitious buds of pines? What happens to the auxin
taken up and why do we need so much auxin in the cuttings? 

3. Root elongation growth in vitro. How may satisfactory root elongation growth be
obtained in vitro on embryos and shoots? May aeration or stirring of the nutrient
solution improve direct rooting or root elongation in vitro?
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