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Propagation of filbert (Corylus avellana L.) and Douglas-fir
(Pseudotsuga menziesii Mirb.

Franco) by stem cuttings provides a

rapid means of introducing superior genotypes.

Filbert softwood stem

cuttings root well but nearly all the vegetative buds abscise during
rooting, preventing the survival of the cuttings.

Some clones of

Douglas-fir are hard-to-root especially as the mother plants age.
Agrobacterium rhizogenes causes the hairy-root disease by inserting a
fragment of root-inducing (Ri) plasmid, the T-DNA, into the plant
genome.

Consequently, the plant is genetically transformed and

produces adventitious roots as well as opines and auxin.
substances are encoded by the T-DNA.

All of these

The purpose of this study was to

evaluate Agrobacterium rhizogenes as a rooting agent for both filbert
and Douglas-fir stem cuttings.
Filbert softwood cuttings of the varieties 'Casina' and 'Ennis'
were propagated under mist during June and July in 1987 and 1988.

The

treatments used were: water; IBA (2500 ppm in 1987 and 1000 ppm in
1988); the bacterial strains X-64 (avirulent), A2/83, A4, A7/83, #22,

#23, 232, A2 + #23, A7 + #22, pGUS and minusGUS; and combinations of
each of the bacterial strains and IBA.
quartz sand:peat (5:1).

The medium consisted of coarse

Douglas-fir terminal and first-order lateral

cuttings of the clones 'Alva Mitchell' (AM), 'Mike Newton' (MN) and
'Kintigh 21-2' (K) were propagated between January and March of 1987,
1988 and 1989.

The mother plants were rooted in 1977, grown on a

hedge system and annually sheared.

The treatments used were water,

7.5 mM NAA and combinations of the bacterial strains with NAA.

The

rooting medium consisted of coarse quartz sand:peat (5:1) in 1987 and
1988 and perlite:peat (5:1) in 1989.

Bottom heat of 20° C and

intermittent mist (3, 5, 9 and 12 mists per day in 1989) were
provided.

The experimental design was a randomized complete block

consisting of 2 replicates of 15 filbert or Douglas-fir cuttings per
treatment.
Agrobacterium rhizogenes stimulated rooting but not bud
abscission of 'Casina' and 'Ennis' stem cuttings.

Treatment with

bacteria resulted in rooting percentages equal to or better than those
caused by IBA treatment, which also caused nearly complete bud
abscission.

Better rooting and bud retention were observed in

'Casina' than in 'Ennis' in 1988.

Bud retention on

Agrobacterium-treated cuttings seemed to improve as the cutting
approached the semi-hardwood stage.

Six months after transplanting,

Agrobacterium-treated filbert cuttings had an extensive root system, a
characteristic of the hairy-root phenotype.
Agrobacterium rhizogenes alone did not stimulate rooting of
Douglas-fir cuttings, but when applied with NAA to MN cuttings,
rooting percentages were higher than those caused by NAA alone.

Rooting of AM and K was not stimulated by the agrobacteria.
Opine analysis of extracts taken from axenic carrot roots
indicated that all the Agrobacterium strains used were agropine-type.
No opines or fl-glucuronidase activity were detected in extracts or
root pieces taken from filberts on Douglas-fir roots.

The GUS

histochemical assay was positive in nearly all of the axenic carrot
roots but the frequency decreased with each subculture.

Southern

blotting sensitive to 1 pg of plasmid DNA failed to detect any
Agrobacterium plasmid sequence in the DNA of filbert roots that
expressed the hairy-root phenotype.

One out of 12 nucleic acid

samples extracted from roots of bacteria-treated filbert cuttings had
a high T-DNA/vir ratio (8.3) indicating transformation.

The negative

opine and nucleic analysis in filbert roots could be due to low
frequency of transformation during root initiation.

Furthermore,

since the probe used was for TR-DNA, and TL-DNA controls the
hairy-root phenotype, filbert roots could be transformed by TL-DNA and
contain little or no TR-DNA.

If transformation was not the reason for

the enhancement in rooting observed in propagating both filbert and
Douglas-fir stem cuttings using Agrobacterium rhizogenes. then the
production of auxin or other unknown growth-promoting substances by
surface Agrobacterium may be the cause.
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PROPAGATION OF FILBERT (CORYLUS AVELLANA L.)
AND DOUGLAS-FIR (PSEUDOTSUGA MENZIESII MIRB.

FRANCO)

USING AGROBACTERIUM RHIZOGENES

INTRODUCTION

Both filbert and Douglas-fir are important species in the Pacific
Northwest.

Thus, methods of rapidly propagating these species are

essential for the introduction of superior genotypes for use in
filbert orchards, forestry and Christmas tree production.
Filberts are traditionally propagated by simple layering, an
ancient technique that has several drawbacks including a large hand
labor requirement, slow plant production and low yield of plants.

The

success of filbert grafting has varied due to improper timing, poor
quality of scion wood, poor callusing at low temperature, lack of
proper care and suckering of the rootstocks used.

Filbert plantlets

have been regenerated successfully in vitro from axillary buds, young
shoot segments and cotyledonary node segments.

However the explant

source must be juvenile, otherwise browning (Al Kai et al., 1984) and
contamination rate exceed 90% (Anderson, 1984).

Propagation by

cuttings is an inexpensive, rapid and simple method of propagation
which in the case of filberts is limited not by root initiation, but
by the fact that nearly all of the vegetative buds abscise from the
cuttings thus preventing their survival (Lagerstedt, 1982).
Propagation of Douglas-fir cuttings has been successful using
young stock plants but rooting potential generally decreases with tree
age.

Propagation of Douglas-fir cuttings has also been complicated by

strong genotypic variation in rooting and by plagiotropic growth of
rooted cuttings.

Grafting has been complicated by delayed

incompatibility.

Douglas-fir plantlets have been regenerated in vitro

by the elongation of adventitious buds which are induced in callus or
embryonic tissues, the culture of vegetative resting buds and the
formation of somatic embryos.

Still, the rooting success of plantlets

regenerated from resting buds taken from 20 to 60 year-old Douglas-fir
trees was only 5% (Gupta and Durzan, 1985b).
Agrobacterium rhizogenes is known to induce the proliferation of
adventitious roots at the site of infection thus causing the
hairy-root disease.

This extensive root formation results from the

expression of A^. rhizogenes genes encoded by the T-DNA, a fragment of
DNA originating from a large root-inducing plasmid (Ri).

The T-DNA is

stably integrated and expressed in the plant genome once genetic
transformation occurs.
Since new root formation is a direct result of genetic
transformation of the infected plant by A^

rhizogenes. treatment of

cuttings with this bacterium might enhance the rooting potential of
hard-to propagate species such as filbert or Douglas-fir.

The

following review gives an overview of filbert and Douglas-fir
propagation and an understanding of Agrobacterium rhizogenes and its
uses.

LITERATURE REVIEW

Filbert Propagation

1.

Layering.

Filberts are traditionally propagated by layering (Lagerstedt,
1970, 1979; McMillan-Browse, 1970).
layering are commonly done.

Both simple layering and tip

Filbert nurseries are started in old

orchards by cuttings trees to the ground in the spring which results
in vigorous suckering (Lagerstedt, 1970).

Another alternative is to

plant mother plants in well-prepared soil at a spacing of at least two
square meters . The trees are then allowed to establish for one year
after which the stock is cut to a low crown in order to produce
vigorous growing shoots (McMillan-Browse, 1970).

Simple layers are

made the following spring by bending these shoots into the ground and
out again leaving one to two feet of terminal growth above ground.
Tip layers, however, are made by bending the shoot in a V shape and
burying the lower six inches of the V in the soil and orienting the
tip of the buried shoot upright.

Although layerage is the accepted

method of propagating filberts, it is an ancient technique which has
several drawbacks such as great hand-labor requirement, slow plant
production and low yield of plants.

2.

Grafting.

The most common types of grafts used with filbert are the whip

and tongue, cleft and side grafts.

The whip and tongue produces a

tight fit and is more successful than the cleft and side grafts which
lend themselves to larger rootstocks.

The success of filbert grafting

has varied due to improper timing, to poor quality of scion wood or to
a lack of proper aftercare (Lagerstedt, 1970).
to callus at low temperature.

Filberts are very slow

Thus, it is essential to provide heat

or to delay field grafting until the daytime temperature exceeds 70
F. A device called the hot callusing pipe has been developed to direct
warm air to the graft union while allowing the rest of the plant to
remain at cooler ambient air temperatures (Lagerstedt, 1982).

This

hot-callusing process has been used successfully to graft filberts
during dormancy.

Although it promotes the formation of a union, it

does not substitute for good grafting technique, good quality scion
wood, good root system and good aftercare.

Micrografting filbert

trees has been used successfully (Lagerstedt, 1982).

An actively

growing leafy shoot tip of the desired scion variety is grafted to a 5
cm seedling.

Because of fungal contamination, this technique is not

suitable with scions obtained from stock plants grown outdoors.
Hardening-off is also a limiting factor.

Additional work is required

so that optimal environmental conditions for micrografting can be
evaluated (Lagerstedt, 1982).

3.

Rootstock Production

Filberts produce dormant seed requiring a period of chilling.
This seed dormancy is now commonly overcome by gibberellic acid
treatment (Lagerstedt, 1970).

Different species of Corylus have been

tested for their ability to provide non-suckering rootstocks
(Lagerstedt, 1970).

Both C^ colurna and C^. chinensis have been used

as rootstocks because they do not sucker and are graft compatible with
the European filbert.

In Oregon, (L. colurna. the Turkish tree hazel,

has been tested most frequently.

As a rootstock, it tends to overgrow

most of the scion varieties except for Brixnut and Hall's Giant.
Seedlings of C^ colurna develop a long tap root and transplant poorly.
Following transplanting, they grow slowly and take two to three years
to attain graftable size.

Because of these drawbacks, other types of

plant material in the genera Carpinus and Ostrya. in addition to
interspecific hybrids between the European and Turkish filberts, are
being tested as rootstocks (Lagerstedt, 1970).

4.

Propagation by Cuttings

Propagation of softwood, semi-hardwood and hardwood filbert
cuttings has been studied (Bergougnoux et al., 1976; Falashi and
Loreti, 1969; Howard, 1968; Lagerstedt, 1970; McMillan-Browse, 1970).
Softwood cuttings are taken from mid-June to mid-July.

Optimal

rooting occurred using five inch cuttings treated with 1000 ppm IBA
and placed under mist in a coarse medium, usually perliterpeat
combinations.

Bottom heat, 70

(Lagerstedt, 1970).

F, was beneficial for rooting

Rooting varied considerably depending on the

cultivar (Lagerstedt, 1982).

Although up to 100 percent rooting has

been obtained with some cultivars such as 'Butler', 'Barcelona', 'USOR
5-70' and 'USOR 13-71', the major problem is abortion of the terminal
and lateral buds during rooting.

This bud abscission leaves the

rooted cutting unable to survive due to the lack of a growing point.
New buds are not regenerated.
Howard reported successful propagation of hardwood cuttings of
filberts.

Twenty-four inch basal cuttings, i.e. that piece including

the basal swelling of the stem, were obtained at the end of February
from "stooled" stock plants grown on a hedge system.

They were

treated with 1000 ppm IBA and placed in a "Garner bin" with bottom
heat of 70

F until the end of March when the heat was turned off.

The cuttings were to be harvested the following autumn.

The highest

rooting obtained was 86%.
Fifty-nine to 100 percent rooting was reported from semi-hardwood
cuttings (Bergougnoux et al., 1976).

Terminal as well as subterminal

filbert cuttings were collected on August 11.

They were dipped in a

powder form of indole-3-acetic acid (IAA) or IBA at three different
concentrations (2500, 5000 and 8000 ppm) and planted under mist.
IAA-treated cuttings rooted better than those treated with IBA.
apparent effect of auxin concentration was seen.

No

Subterminal cuttings

rooted better than terminal cuttings.

5.

Filbert Tissue Culture

Although tissue and organ culture are now well established
methods for rapid vegetative propagation of many economically
important plants, reports of in vitro culture of filberts are scarce
(Al Kai et al., 1984; Messeguer and Mele, 1983; Perez et al., 1983,
1985 and 1986; Radojevie et al., 1975).

Axillary buds or young shoot

segments (Al Kai et al., 1984; Anderson, 1984; Perez et al., 1985) and

cotyledonary node segments (Perez et al., 1985) have been successfully
used to regenerate filbert plantlets.
Perez et al.

(1985) obtained optimum initiation and elongation

of buds transferred fifteen days after culture in half-strength Cheng
medium containing 25 JUM 6-benzylaminopurine (BAP) to the same medium
with reduced BAP (0.5 or 2.5 /uM).

They also achieved 80% success in

rooting the filbert explants by soaking the basal end of the explant
in half-strength Cheng medium containing 50 jaM IBA and then
transferring the shoots to a fresh medium lacking IBA.

Al Kai et al.

forced the axillary buds taken from two month-old seedlings to open on
MS medium supplemented with 5 mg/1 BAP.

To promote multiplication,

the buds were transferred to MS basal medium supplemented with
Zuccherelli vitamins and a combination of 0.01 mg/1
B-naphthaleneacetic acid (NAA), 0.1 mg/1 gibberellic acid (GA) and 5
mg/1 BAP.

Sequestrene 138Fe (Ciba-Geigy) at a concentration of 200

mg/1 was used as a source of iron to prevent chlorosis of the shoots.
Sixty percent rooting occurred when the explants were cultured on a
medium containing 0.1 mg/1 IBA.

Anderson (1984) reported that a

combination of 2 mg/1 BAP and 1 mg/1 N6-(

2

-isopentenyl)adenine

(2iP) were optimal for shoot multiplication.
Plantlet regeneration of filbert has been possible when the
explant source is young.

Explants from mature mother plants suffer

from high contamination rates (Anderson, 1984) and extensive browning
(Al Kai et al., 1984).

However some success has been obtained when

axillary buds came from two year-old filbert layer grown in the
greenhouse (Al Kai et al., 1984).
Somatic embryogenesis of filbert has been explored.

Radojevie et

al.

(1975) induced embryoids in callus obtained from zygotic embryos.

Complete plantlet regeneration was achieved by Perez et al.
from cotyledonary nodes of young plantlets.

(1983)

The auxin,

2,4-dichlorophenoxyacetic acid (2,4-D), was found to restrict the
development of the somatic embryos to the globular stage while the
addition of BAP or GA_ to the callus promoted the development of the
embryoids into complete plantlets after the elimination of 2,4-D.

Douglas-fir Propagation

Douglas-fir is naturally reproduced only by seed.

Thus, genetic

selection is slow and complicated by the long life cycle, the
heterozygosity and erratic seed production.

Vegetative propagation

may provide rapid means for introducing superior genotypes for use in
forestry or Christmas tree production.

1.

Grafting

Commercial-scale grafting of seed orchards began on the west
coast in the late 1950's.

Some graft incompatibility became evident

within one year of grafting.

In a survey conducted at three orchards

in Oregon and Washington, Copes (1968) observed the loss of trees over
time due to delayed incompatibility.

He noted that 78% of the grafts

survived after four years in one orchard; 46% after six years in a
second orchard; and 57% after eight years in a third orchard.
Internal incompatibility symptoms have been described in two year-old
grafts of Douglas-fir (Copes,1967).

Although 100% external detection

of incompatible grafts was never attained, Copes (1969) obtained 56%
success in detection by correlating incompatibility with the delay in
vegetative bud development observed at the start of the second year of
growth.

Copes (1974) demonstrated the strong additive inheritance of

the graft incompatibility trait.

Consequently, he started a breeding

program for the production of rootstocks from control- and
wind-pollinated progeny of highly graft compatible Douglas-fir
parents.

The grafts made on control-pollinated and wind-pollinated

rootstocks were respectively 25.3% and 11.6% more compatible than the
grafts made on local unselected rootstocks.

2.

Propagation from Stem Cuttings

Propagation of Douglas-fir by stem cuttings was first
accomplished in the 1940's (Griffith,1940; McCoulloch,1943).

The

awakening interest in tree selection in the 1960's resulted in
numerous studies in this field.
The best collection time in the northern hemisphere extends from
December to March (Bhella, 1975; Bhella and Roberts, 1974; Black,
1973; Brix, 1973; Griffith, 1940; Roberts, 1969).

Roberts and

Fuchigami (1972) concluded that bud dormancy was responsible for
unsatisfactory rooting during September and October.

Auxin treatment

alone was ineffective in September and October but cold treatment
stimulated rooting at that time, presumably by overcoming bud
dormancy.

An 18-hour photoperiod significantly increased cambial

activity, rooting, bud respiration and also hastened bud break of stem
cuttings as compared to similar cuttings propagated under a 9-hour

10
photoperiod (Bhella, 1975; Bhella and Roberts, 1974).

However this

increased root initiation and development was not a photoperiodic
response but one related to the light energy levels and carbohydrate
status of the cutting (Roberts and Moeller, 1978).

Rooting response

was affected by the temperature of the medium (Bhella and Roberts,
1974).

Cuttings rooted significantly better in 18 and 26

medium temperature than at 10

C rooting

C.

Griffith (1940) reported the first successful rooting of cuttings
collected in February and March (80%) by soaking them with 25 to 50
ppm IBA for 24 hours.

Similarly, McCulloch (1943) used IBA to root

cuttings taken from 1 year-old shoots of Douglas-fir.

In a study

comparing the effects of NAA and IBA on rooting, root quality and bud
break of Douglas-fir stem cuttings, Proebsting (1984) noted that NAA
was more effective than IBA in stimulating rooting and bud break
production.

Optimal NAA concentration was about 7.5 mM. Although

auxin treatment significantly increased rootability during pre(August) and post-dormancy (December), it was not effective in
stimulating rooting during true dormancy (September-October) (Bhella,
1975).
Propagation by using cuttings from young Douglas-fir trees has
been successful, and rooting potential decreases with tree age.

Black

(1973) found that cuttings from juvenile Douglas-fir seedlings under
nine years of age had the potential for 100% rooting, but there was a
rapid decline in rooting after this age to about 5% between ages 14
and 24 years.

In another study no decrease in rooting potential was

noted when 14 Douglas-fir clones were tested each year from year 12
through year 16 (Roberts and Moeller, 1978).

The decline of rooting
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with aging of the mother plant was also demonstrated by Cornu (1973)
when he obtained 64% rooting of cuttings from 10-year old Douglas-fir
and only 18% rooting of the cuttings from 60-year old trees.
A comparison of the rooting potential of cuttings taken from
pruned and non-pruned portions of adult Douglas-fir trees revealed a
significantly higher rooting success with those cuttings taken from
the sheared portion of the tree (Black, 1972).

Annual crown pruning

of Douglas-fir trees led to an increase in rooting success from 42% in
1974 when ortet age was 10 or 13 years to 67% in 1981 when the tree
was 17 or 20 years of age (Copes, 1983).
Another method used to maintain high rooting potential over a
period of years is to serially propagate cuttings from other rooted
cuttings.

According to Black (1972), serially propagated Douglas-fir

clones rooted best (45%) when compared to shoots taken from the
original ortets (3%) or from grafts (6%).
A "paired-cutting" technique was devised by Brix (1967) to
stimulate rooting of cuttings from mature trees (60-100 years old) by
side grafting them to cuttings taken from five-year-old Douglas-fir
trees.

Six months after the "paired-cuttings" were treated with IBA

and placed in a rooting bench, 83% rooting of young cuttings and 40%
rooting of old cuttings were obtained.

Thus, the young cuttings

apparently stimulated rooting of the old cuttings.
Propagation of Douglas-fir from cuttings has been complicated by
strong genotypic variation in rooting, by plagiotropic growth of the
rooted cuttings and by aging of the ortet.

Heaman and Owens (1972)

concluded that clonal differences in rooting were a physiological
phenomenon related to initiation stages.

The morphological stages and
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the physiological status of the Douglas-fir shoots at the time of
maximum rooting potential need to be elucidated.

The time required

for plagiotropic Douglas-fir ramets to become orthotropic was
correlated with the age of the ortet.

All the cuttings propagated

from three-year-old seedlings became orthotropic the year after
rooting, whereas the cuttings from four- to eight-year-old ortets
required about seven years to become orthotropic.

3.

Regeneration of Douglas-fir Plantlets through Tissue Culture

Development of in vitro propagation of Douglas-fir may lead to
the mass production of trees with desirable traits.

In vitro

techniques are also needed for creating new genotypes using
recombinant DNA techniques.

The strategies used for the regeneration

of Douglas-fir plantlets include the induction of adventitious buds in
callus or embryonic tissues, the culture of vegetative resting buds
and the formation of somatic embryos.

Adventitious buds have been

induced de novo from seed embryos (Sommer, 1975), cotyledons (Chalupa,
1977 and 1983; Cheng, 1977; Cheng and Voque, 1977; Winton, 1972) and
callus cultures derived from embryogenic tissue (Chalupa, 1977),
seedlings (Winton, 1972) and needles (Thomson, 1987; Winton, 1972).
The induction of these buds requires high concentrations of cytokinins
and little or no auxin.

Sommer (1975) noted that the quantity and

quality of the buds were superior when 0.1-4 mg/1 BAP and 0.01 mg/1
NAA were added to the medium.

Elongation of the adventitious buds

and their development into shoots is achieved in the absence of growth
regulators.

Sometimes a small amount of auxin is used for elongation
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(Chalupa, 1983).

Rooting of the shoot produced from adventitious

buds is promoted by auxin treatment.

Cheng and Voqui (1977) achieved

root initiation on a medium containing 0.25 /UM NAA for four weeks and
then transferred the shoots to medium lacking exogenous growth
regulators.

Eight out of ten shoots rooted and the rooted plantlets

produced were established in soil with more than 90% survival.
Chalupa (1983) dipped the shoots in an auxin-containing powder and
then placed them in a perlite substrate in a mist chamber, resulting
in 36 to 60% rooting success.
Elongation and needle expansion of descaled resting buds has been
achieved by many researchers (Al-Talib and Torrey, 1959; Chalupa and
Durzan, 1973; Boulay, 1977 and 1979; Chalupa, 1977a; Gupta and Durzan,
1985a).

However the ability of shoots from resting buds to form new

roots is affected by the age of the starting material.

Buds from

trees older than two years did not root while those from younger trees
did (Boulay, 1977 and 1979; Chalupa, 1977a).

Gupta and Durzan

(1985a,b) described a method of plantlet regeneration from resting
buds taken from 20- to 60-year-old Douglas-fir trees.
growth on a medium lacking growth regulators.

They induced

Elongation

occurred after the new growth was excised and transferred to
half-strength medium containing 0.3% charcoal.
achieved on a medium containing 0.2 mg/1 BAP.

Multiplication was
Rooting success on an

auxin-containing medium was only 5%.
Somatic embryogenesis has been achieved in Douglas-fir suspension
cultures containing a proliferating embryonal-suspensor mass (ESM)
(Durzan and Gupta, 1987).

This ESM was initiated from immature

embryos of Douglas-fir four to five weeks after fertilization when
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grown on modified MS medium with 2,4-D, kinetin and BAP.

The

development of individual somatic embryos was initiated by the gradual
reduction of the plant growth regulators and by the addition of
abscisic acid.

Although the conversion was low, some plantlets with

multiple cotyledons have been transferred to soil where they continue
to grow.
Protoplasts from Douglas-fir suspension cultures (Winton et al.,
1974) and from cotyledons (Kirby and Cheng, 1979) have been isolated
and cultured.

However no plantlets were regenerated and no protoplast

fusion was carried out.
Despite progress in tissue culture of Douglas-fir, many problems
still remain to be solved.
improve.

The rooting of propagated shoots must

The plantlets regenerated by organogenesis often exhibit

plagiotropic growth which prevents widespread outplanting of plantlets
(Figure 6 in Mapes and Zaerr, 1981).

Agrobacterium rhizogenes

In the 1930's A^ rhizogenes was shown to be responsible for the
production of adventitious roots on inoculated plant tissues (Riker et
al., 1930).

The resulting proliferation of roots is the symptom of

the hairy-root disease.

The causal agent, A^. rhizogenes. affects

dicotyledonous plants (DeCleene and DeLey, 1981) and is closely
associated with Agrobacterium tumefaciens which induces crown gall
tumors.

Moore et al. (1978) and White and Nester (1980) showed that

root induction is due to a large plasmid initially called "pHr".
Tepfer and Tempe (1981) cultured carrot roots induced by A^. rhizogenes
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and demonstrated the synthesis of agropine.

The presence of agropine

was taken as evidence for genetic transformation by A^ rhizogenes and
pHr was renamed pRi for root-inducing plasmid, in keeping with pTi for
tumour-inducing plasmid present in A^.

tumefaciens.

In both

agrobacteria, a segment of DNA (T-DNA) that originates from the Ti or
Ri plasmids is transferred, stably integrated and expressed in the
plant genome.

Ri T-DNA has been detected in cultured roots (Chilton

et al., 1982; Spano et al., 1982; Willmitzer et al., 1982), in callus
(White et al., 1982) and in whole plants regenerated from transformed
roots (Tepfer, 1982).

Several groups began to study A^ rhizogenes

plasmids and the organization and expressiom of T-DNA in transformed
plant cells.

1.

Ri Plasmid Types

Three plasmids exist in most wild type A^ rhizogenes strains.
The "a" plasmid is smaller than the "b" (Ri) plasmid, while the "c"
plasmid corresponds to a cointegrate of both " a" and " b" plasmids
(White and Nester, 1980) and represents the complete genetic
complement necessary for the bacteria to compete in a natural
environment.

Hairy-root rhizogenesis is conferred by both the Ri and

the "c" plasmids.

Transformed tissues induced by A^. tumefaciens or A.

rhizogenes synthesize opines, novel amino acid or sugar derivatives,
via enzymes that are encoded by the T-DNA.

These opines are

catabolized by the inducing bacteria (Tempe et al., 1984).
Agrobacterium rhizogenes strains belong to three classes based on the
major opine found in transformed tissues: agropine, mannopine or
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cucumopine (Petit et al., 1986; Tepfer and Tempe, 1981).
Agrocinopines A and C have also been identified in hairy-root tissues
(Petit et al., 1983).

Agropine-type strains elicit roots containing

agropine, mannopine and related acids (agropinic and mannopinic acids)
and agrocinopines.

The catabolism of agrocinopines is specified by

the "a" plasmid which also codes for the catabolism of the
agropine-related opines other than agropine (Petit et al., 1983).

The

agropine catabolism genes have been localized on the Ri plasmid near
the synthesis genes but outside the T-DNA region (Jouanin, 1984).
Mannopine-type strains elicit roots containing all the agropine-type
opines with the exception of agropine.

All the opine-related

functions are located on the Ri plasmid (Petit et al., 1983).
Restriction fragment maps for both the agropine- and
mannopine-type Ri plasmids have been constructed.

Three maps for

agropine-type plasmids have been reported (Pomponi et al., 1983;
Huffman et al., 1984; Jouanin, 1984) and all are very similar.

A

restriction map for the mannopine-type plasmid pRi 8196 was determined
by Koplow et al.

(1984).

The differences in fragment patterns

determined by gel analysis indicate significant divergence of the
agropine-type plasmids from the mannopine-type plasmids (Costantino et
al., 1981).

2.

Ri Plasmid Structure and Homology with Ti Plasmids

Both Ri and Ti plasmids are responsible for genetic
transformation of higher plant cells.

Their conjugative transfer to a

nonpathogenic strain confers on the transconjugant their
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tumorigenicity.

Since Ti plasmids have been extensively studied and

several functions borne by these plasmids have been localized, the
existing functional maps of Ri plasmids are based almost entirely
on homology with Ti plasmids.

Strong homology between Ti and Ri

plasmids was found in the region responsible for conjugative transfer
(Risuelo et al., 1982), in the region coding for the virulence (vir)
functions, in the tmsl and tms2 genes involved in IAA synthesis and in
some regions involved in opine synthesis and catabolism.
The virulence region is located outside the T-region and is
required for T-DNA transfer and integration.

Seven loci (vir

A,B,C,D,E,F and G) have been identified in the octopine-type pTiA6 vir
region (Hooykaas et al., 1984).

These vir genes, except vir F, are

also common to the nopaline-type pTiC58 (Rogowsky et al., 1987).
Several authors described the homology between Ri plasmids and the
virulence region common to nopaline and octopine Ti plasmids.
Complementation studies of vir mutants of A^. tumefaciens indicate that
in both Ri and Ti, vir regions determine equivalent functions
(Hooykaas et al., 1984).

Even when the vir genes of A^ rhizogenes are

on a replicon separate from the T-region, they can induce the transfer
of T-DNA from either the Ri plasmid (Vilaine and Casse-Delbart, 1987)
or the Ti plasmid (Hoekema et al., 1984).

Birot and Delbart (1983),

carried out southern blot hybridizations between pTi vir loci, an
agropine-type Ri plasmid (pRiHRl) and a mannopine-type plasmid (pRi
8196). Vir A,B,G,C and D from both Ri plasmids hybridized and shared
similar linear organizations with the corresponding pTi vir loci
though no homology was detected on either pRi with a 1.1 Kb internal
fragment of vir D. Neither was homology detected with the vir E locus

18
on pRiHRl or with the vir F locus on either pRi plasmids.

Although

they hybridize and share common functions, the virulence genes of the
various Ri and Ti plasmids are not entirely identical.

Oncogenes

responsible for tumorigenicity in the T-region of Ti plasmids have
been well characterized.

They include the tmsl (iaaM) and tms2 (iaaH)

genes coding for auxin (IAA) synthesis and the tmr (iptZ) locus
involved in cytokinin (isopentenyl adenosine) biosynthesis.

The only

DNA homology observed between Ri plamids and these oncogenes concerns
the tms genes that code for auxin (Huffman et al., 1984; Jouanin,
1984).

These auxin genes were found only in agropine-type strains and

are structurally as well as functionally similar to the corresponding
pTi auxin genes.

The auxin and cytokinin genes encoded by the T-DNA

are bacterial in origin and the pathways for their biosynthesis differ
from those in plants.
Further homology between Ri and Ti plasmids is found in regions
involving opine synthesis and catabolism.

Agrobacterium tumefaciens

strains belong to three classes according to the principal opine they
induce in crown gall tumors; octopine, nopaline and agropine (Ellis et
al., 1982).

Octopine-type Ti plasmids carry genes that determine the

biosynthesis of octopine, octopinic acid, lysopine, histopine and
agropine.

Nopaline-type Ti plasmids determine the synthesis of

nopaline, nopalinic acid and agrocinopines A and B while the
agropine-type Ti plasmids regulate the synthesis of agropine,
mannopine and agrocinopines C and D. Since Ti plasmids have been
extensively studied, hybridization experiments between pTi and pRi
were used to locate the opine synthesis and catabolism genes on the Ri
plasmids.

The genes coding for agropine synthesis are located on the
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right part of the TR region (right T-DNA region) of agropine-type Ri
plasmids (Huffman et al., 1985).

The agropine catabolism genes are

near the synthesis genes but outside the T-region (Jouanin, 1984).
The mannopine and the agrocinopine C biosynthetic functions map near
the right border of the T-DNA in mannopine-type Ri plasmids (Lahners
et al., 1984).

Brevet et al.

(1988) concluded that the right end of

mannopine and cucumopine T-DNA regions are involved in opine
synthesis.
Both nopaline and octopine type Ti plasmids contain 25-bp
sequence elements that form direct repeats at the boundaries of
TL-DNAs (Baker et al., 1983).

These 25-bp sequences are directly

involved in T-DNA transfer (Wang et al., 1984).
al.

Recently Slightom et

(1985) identified a corresponding 25 bp sequence near the left

TL-DNA/plant junction caused by transforming Convolvulus arvensis with
the agropine-type strain A4.
Despite these minor similarities between the Ti and Ri plasmids,
their origin of replication and their T-DNA appear to be distinctly
different (Huffman et al., 1984; Jouanin, 1984; White and Nester,
1980).

3.

T-DNA Structure and Function

Agropine-type Ri plasmids carry two distinct T-DNA segments
referred to as TL-DNA and TR-DNA.

The auxin and agropine biosynthetic

genes are on the TR-DNA (De Paolis et al., 1985; Spano et al., 1982;
White et al., 1985).

A single T-region devoid of auxin genes is

present in both mannopine- and cucumopine-type Ri plasmids (Brevet
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and Tempe, 1987; Cardarelli et al., 1985; Filetici et al., 1987).

The

TL and TR of agropine-type Ri plasmids have been more extensively
studied than the T-DNAs of other types of Ri plasmids.

Transformation

studies with raannopine Ri plasmids are hampered by the heterogeneity
in length of the T-DNA copies found in the plant genome (Byrne et al.,
1983).

Cucumopine-type Ri strains have been identified only recently

(Petit et al., 1986) .
Agropine strains are more virulent than the other two classes of
Ri plasmids in that they can elicit hairy roots on both the apical
(facing the root apex) and the basal (facing the root base) side of
carrot root disks (Cardarelli et al., 1987).

Transformation occurs

only on the apical surface in mannopine-type strains (Ryder et al.,
1985).

This differential response to polarity is due to the presence

of auxin genes in the TR-DNA of agropine-type Ri plasmids (Cardarelli
et al., 1985) which supply the auxin needed for root proliferation on
the basal surface.

If the auxin genes are absent (as is the case with

raannopine and cucumopine strains), plant auxin is required for root
proliferation.

Auxin accumulates on the apical surface of the carrot

root (due to its active physiological transport toward the root apex)
thus enabling T-DNAs that do not contain auxin to transform plant
cells.

The role of auxin in hairy root formation seems to be only

accessory since TR-DNA is not required for adventitious root formation
(Vilaine and Delbart, 1987) and TL-DNA alone can transform plant
tissues.

Therefore, functions other than auxin production account for

the hairy root phenotype induced by pRi T-DNAs.

Both the roots

transformed by wild-type A^ rhizogenes Ri T-DNA and the plants
regenerated from these roots have an altered phenotype.

The
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characteristic symptoms of this phenotype are high growth rate of
roots in culture, reduced apical dominance both in stems and roots,
altered leaf and flower morphology, plagiotropic root growth and
reduced pollen and seed production (Tepfer, 1984).

Insertional

mutagenesis of Ri TL-DNA revealed four loci in which mutations affect
the abundance and morphology of roots at the point of inoculation
(White et al., 1985).

These loci, rol A.B.C and D, correspond to ORFs

(open reading frames) 10,11,12 and 15, as determined from the
nucleotide sequence of the TL-region (Slightom et al., 1986).
Establishment of the full hairy-root syndrome correlates with
expression of these rol loci whose products show synergistic
activities involved in rhizogenesis and in generating plant growth
abnormalities (Cardarelli et al, 1987; Spena et al., 1987).

However

when expressed separately, they incite distinct developmental
abnormalities characteristic for each rol gene (Schmulling et al.,
1988).

Transgenic plants expressing rol A alone have wrinkled leaves.

Systemic expression of rol C in transgenic tobacco plants leads to
pronounced inhibition of the onset of senescence whereas rol B causes
early senescence and necrosis in young plants even prior to flowering.
Schmulling et al. (1988) postulated that rol B product might render
plant cells more sensitive to auxin whereas rol C product would
counterbalance this activity.

Therefore, both gene products appear to

independently influence the auxin signal transduction mechanism but in
opposite ways, such that their combined activity leads to a balanced
effect which stimulates root initiation.
The TL-DNA is responsible for the hairy-root phenotype.
Transcription in the TL region encompassing ORFs 10 through 18 results
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in differential accumulation of mRNAs in roots and in leaves of
tobacco, suggesting organ-specific regulation (Levesque et al., 1988).
So the Ri TL-DNA seems to be a source of genes affecting fundamental
morphological and physiological functions of dicots.
The T-regions of the three types of Ri plasmids have been
compared in detail by Southern blot cross hybridizations (Combard,
1987; Combard et al., 1988; Filetici et al., 1987; Spano et al., 1982)
and by electron microscope heteroduplex studies (Brevet and Tempe,
1987).

The results seem to be contradictory.

Combard (1987) reported

a significant and continuous degree of homology between the TL-DNA of
agropine strain 1855 and the T-DNA of mannopine type Ri T-DNA with
colinear distribution of homologous sequences along both T-DNAs.
the other hand Filetici et al.

(1987) and Brevet et al.

On

(1987)

identified two distinct DNA segments strongly conserved and similarly
localized in all three T-regions.
nonhomologous region.

All four rol loci mapped in the

The role of the common T-DNA is unknown and

does not seem necessary to elicit hairy roots.

4.

Endogenous T-DNA of Plants

Homology between Ri plasmids and untransformed C^ arvensis
(Tepfer, 1982), D^. carota (Spano et al., 1982), and N^ elauca genomes
(White et al., 1983) has been reported.

The homologous sequence in N.

glauca corresponds to the rooting loci B,C and D of pRiA4 TL-DNA and
has been called cellular T-DNA (cT-DNA).
of any cT-DNA has been observed.

No evidence of transcription

Two hypotheses have been proposed to

explain the origin of cT-DNA (Tepfer, 1983; White et al., 1983).
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During the evolution of Aprobacterium/plant relationships, the
bacterium may have captured plant genes which can be reinserted into
the plant genome.

Alternatively, plants might carry sequences

acquired from past infections by A^.

rhizogenes.

Furner et al.

(1986) reported similar homology in other species of Nicotiana and he
suggested that the cT-DNA results from an Aprobacterium infection
early in the evolution of the genus Nicotiana.

5.

T-DNA Transfer

The T-DNA transfer mechanism is complex and according to
Zambryski (1988), involves at least seven steps, "(a) recognition of a
susceptible plant cell, (b) induction of vir gene expression, (c)
production of a transferrable T-DNA copy, (d) transfer of the T-DNA
complex to the bacterial membrane, (e) transfer of the T-DNA complex
through the bacterial membrane and the plant membrane, (f) transfer of
the T-DNA complex through the plant cytoplasm and through the nuclear
membrane and finally (g) integration of the T-DNA element as a linear
nonpermuted fragment into the plant nuclear genome."
Agrobacterium-mediated DNA transfer to plant cells has been
studied much more extensively with A^ tumefaciens than with A.
rhizogenes (Zambryski, 1988).

Three genetic components are known to

be required for plant cell transformation by A^

tumefaciens.

First,

the T-DNA is transferred to the plant genome and is flanked by a 25 bp
repeat that is essential for its mobility.

Cleavage in this 25 bp

sequence results in a linear single stranded molecule (T-strand) that
is presumed to be an intermediate in T-DNA transfer to plant cells.

24
The second component is the vir genes that provide most of the
trans-acting products for T-DNA transit.

The 30 Kb virulence region

encodes six transcriptional loci that are either essential for (vir
A,B,D and G) or that enhance (vir C and E) the efficiency of plant
transformation.

Expression of these vir genes is specifically induced

by plant factors such as acetosyringone (AS) or hydroxy-acetosyringone
(OH-AS).

Moreover, five additional proteins designated

virulence-related proteins (VRPs) are induced by plant signal
molecules but functions have not been assigned to them.

The third

component of T-DNA transfer resides in the bacterial chromosome.

So

far four loci that encode products involved in the binding of A.
tumefaciens to plant cells have been identified but it is not known
exactly how they enhance attachment to plant cells.
The T-DNA transfer mechanism from A^. rhizogenes to plant cells
might be similar to the one induced by A^ tumefaciens due to (a) the
presence of a 25 bp repeat near the TL-DNA/C. arvensis junction which
match those observed at the borders of pTi T-DNA (Slightom et al.,
1985) and (b) to the similarity in structure and function of the vir
genes associated with both the Ti and Ri plasmids (Hirayama et al.,
1988; Hooykaas et al., 1984).
Future work needs to be done to elucidate the mechanism of
Aprobacterium-mediated T-DNA transfer and integration into plant
cells.
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6.

Conclusion

Agrobacterium rhizogenes has been used to genetically transform
many dicot species and to regenerate plants from transformed roots
(carrot, morning glory, tobacco, rape, potato, cucumber, cabbage,
tomato, alfalfa, etc.)-

Since the Ri plasmids do not have the

deleterious effects of the tms/tmr oncogenes of the Ti plasmid T-DNA,
they can act as transformation vectors capable of introducing foreign
genes into plants (Birot et al., 1987).

In fact, the TL-DNA of pRiA4

has been successfully used to introduce a herbicide (glyphosate)
resistance gene into tobacco (Comai et al., 1985) and a
nodule-specific leghaemoglobin gene into Lotus corniculatus plants
(Jensen et al., 1986).

Regeneration of A^ rhizogenes-transformed

carrot plants caused them to shift from a biennial to an annual growth
habit, which might lead to improved breeding strategies (Tepfer,
1984).
In view of the results of studies conducted separately by many
workers, A^ rhizogenes infection was found to (a) cause an
increase in leaf diameter, stem thickness and shoot elongation during
the initial growth of bare-root stock almond (Strobel and Nachmias,
1985) , (b) increase nodulation on alfalfa when the Ri plasmid was
introduced to Rhizobium meliloti (Strobel et al., 1985), and (c) to
transform olive seedlings thus causing rapid growth and the production
of more flowers, fruits and oil than control trees when grown over a
three year period in the field (Strobel et al., 1987).

Whether

transformation of the plants by the Ri plasmid T-DNA occurred is not
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known (Strobel and Nachmias, 1985) or not well documented (Strobel et
al., 1987).

The apparent benefit noted in the treated plants may be

due to the production of growth promoting substances or to inhibition
of the production of deleterious compounds by other microorganisms.
More extensive studies need to be conducted to evaluate the
potential agronomic benefits of A^.

rhizogenes. to identify their

cause, to understand the mode of action of the Ri plasmid and to
isolate the T-DNA genes involved in plant transformation and to
determine their function.
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MATERIALS AND METHODS

Bacterial Strains and Culture

The bacterial strains used are described in Table 1.

Both R1000

strains in addition to EL. coli strain HB101 that contains pVK219 were
grown on Luria broth (LB: tryptone, 1%; yeast extract, 0.5%; sodium
chloride, 1%; pH 7.2) solidified with 2% agar and supplemented with 50
mg/1 kanamycin.

The JL. coli strain that contains the pFW41 plasmid

was grown on LB medium supplemented with 10 mg/1 tetracycline.

For

all the remaining Agrobacterium strains, MGY broth (mannitol, 1%;
L-glutamic acid, 0.2%; yeast extract, 0.1%; potassium phosphate,
monobasic, 0.05%; sodium chloride, 0.02%; magnesium sulfate, 0.02%; pH
7.0) or medium solidified with 1.5% agar was used.

The strains were

maintained on potato dextrose agar (PDA) slants (Difco, prepared
according to the supplier's recommendation and supplemented with 0.5%
calcium carbonate) for six months at 4

C. Long term preservation was

achieved by adding 30% glycerol to a bacterial suspension and storing
the mixture in cryotubes at -80

C.

The E^ coli strains contained the plasmids to be used as probes:
pFW41 contained the TR-DNA region of pRiA4b (Huffman et al., 1984),
pVK219 contained the vir region of pTiA6, an octopine-type plasmid
(Knauf and Nester, 1982).

R1000 is derived from the nopaline strain

C58 cured of its Ti plasmid.

The gene encoding fi-glucuronidase was

cloned within a maize defective transposable element into pBIN19 which
is a disarmed A^. tumefaciens plasmid.

This plasmid was called
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Table 1. List of the strains used in this study, their plasmid
constitution and the number of colony-forming units per ml of inoculum
used for each strain (CFU/ml) and where it was acquired.

Strain Name

Plasmid

A. tumefaciens
C58
A. tumefaciens
R1000 (pGUS)
A. tumefaciens
R1000 (MinusGUS)
E. coli HB101

pTiC58

E. coli HB101

pVK219

A. rhizopenes x-64

pRiA4a

pRiA4b;
pBINDsGUS
pRiA4b;
pBIN19
pFW41

CFU/ml

Source
L. W. Moore

1 .89

X

109

J. W. Schiefelbein

1 .48

X

109

J. W. Schiefelbein
F. F. White
J. Loper

2,.01

X

109

L. W. Moore

2 .91

X

109

L. W. Moore

1..45

X

109

L. W. Moore

A. rhizoeenes A7/83

1..26

X

109

L. W. Moore

A. rhizoeenes #22

1..95

X

109

L. W. Moore

A. rhizopenes #23

3..09

X

109

L. W. Moore

A. rhizogenes 232

2..65

X

109

G. A. Strobel

A^ rhizogenes A2/83
A. rhizopenes A4

pRiA4a, b
and c
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pBINsGUS.

In addition to this plasmid the GUS strain contains the A.

rhizogenes plasmid pRiA4b.
pRiA4b.

The minusGUS strain contains pBIN19 and

These two strains along with the remaining A^ rhizogenes

strains singly and in combinations (A2 + #23; A7 + #22) were used to
inoculate carrot slices, filbert and Douglas-fir cuttings.
The inoculum was applied in the form of a bacterial suspension
registering 70 Klett units with a Klett-Summerson photoelectric
colorimeter.

MGY slants or LB plates supplemented with 50 mg/1

kanamycin were inoculated with the corresponding bacterial strains.
Forty-eight hours later, 4 ml of water were added to the slants.

The

resulting suspension was mixed with the shaker and evenly spread with
an L-shaped glass rod onto MGY or LB + kan
incubated for another forty-eight h at 25

plates which were
C. The bacteria were again

suspended in distilled water . Using a sterile pipette, the suspension
was transferred to side arm flasks containing 50 to 100 ml of water.
After mixing, the Klett reading of the bacterial suspension was
adjusted to 70.

This suspension, used to inoculate filbert and

Douglas-fir cuttings, was prepared with all the A^. rhizogenes strains
and the R1000 strains.

When a combination of strains was needed,

equal volumes of the corresponding bacteria were mixed.

To determine

the colony forming units per ml (CFU/ml), aliquots of ten-fold
dilutions of the suspension in water (10

,10

,10

) were pipetted

onto the surface of triplicate plates of MGY or LB/Kan

.

The

dilutions were chosen to give 50 to 200 CFU per plate.

The inoculum

was spread evenly in the plates which were incubated for three days at
25

C prior to counting.
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Plant Materials and Growth Conditions

1.

Douglas-fir

Branch terminal and first-order lateral cuttings were collected
from Douglas-fir clones that were rooted in 1977 and sheared annually.
The clones used were 'Alva Mitchell' (AM),
'Kintigh 21-2' (K) .
1988 and 1989.

"Mike Newton'

(MN) and

The study was carried out over three years: 1987,

Each year, cuttings that consisted of terminal shoots

of current season's growth were collected between January and March.
The shoots were trimmed to 15 cm, stripped of the lower needles and
buds and stored at 5

C. The following day, the cuttings were dipped

in a 7.5 mM NAA solution for 5 s, the NAA allowed to dry and then
dipped either in water or in fresh bacterial suspension.
were placed in a rooting bench with bottom heat (20
lead cables.

The cuttings

C) provided by

Mist frequency was regulated by a light-regulated

controller (Solatrol, General Scientific Equipment Corp.
Conn.) and time switch in 1987 and 1988.

Hamden,

A new controller, PR2 (Davis

Engineering, Canoga Park, CA) was used in 1989 and provided different
mist frequencies (3, 5, 9 and 12 mist per day in separate areas).

The

medium consisted of coarse quartz sand (grade EI-8): peat (5:1) in
1987 and 1988 and perlite:peat (5:1) in 1989.

The experimental design

was a randomized complete block consisting of two replicates of 15
cuttings per treatment.

The cuttings were evaluated for the number

and quality of the roots in June each year.
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2.

Filbert

Filbert shoots from the cultivars 'Ennis' and 'Casina' were
collected in June and July.

Cuttings were comprised of shoot

terminals with two to three leaves and a leafless node at the base.
Storage overnight was at 5

C. The following day cuttings were dipped

for 5 s in IBA solution (2500 ppm in 1987, 1000 ppm in 1988).

After

the IBA was allowed to air dry, the cuttings were redipped in water or
bacterial suspension and placed in the rooting bench.
consisted of coarse quartz sand:peat(5:1).

The medium

The same greenhouse and

Solutrol mist controller were used for both filberts and Douglas-fir
cuttings.
used.

Again two replicates of 15 cuttings per treatment were

Cuttings were evaluated the following October for root

formation and bud retention.

Culture of Carrot Roots

Fresh carrot roots were provided by Dr. Jim Baggett, Department
of Horticulture.

The carrots were washed, peeled, soaked for 3 to 4 h

in a detergent solution, then sterilized using successive washes in
ethanol 95% for 2 min and in 25% chlorox for 15 min.

After rinsing

the carrots in three changes of sterile water, they were cut
transversely into 5 mm thick slices and placed in petri plates or in
jars containing 1% agar or sterile vermiculite.

Care was taken to

randomize the distribution of discs from different carrots and to
place the discs with their apical surface (towards the root apex)
facing up.

The carrot discs were then inoculated with bacterial

32
suspension and kept at 25

C in the dark.

Roots appeared three weeks

later.
Single terminal root sections up to 1 cm in length were excised
and planted on a medium containing Monnier's salts (Monnier, 1976),
Linsmaier and Skoog's vitamins (Linsmaier and Skoog, 1965), 30 g/1
sucrose and 100 mg/1 myo-inositol.
to 5.7.

The pH of the medium was adjusted

The medium was solidified with 1.5% Phytagar and 500 ng/1

filter sterilized carbenicillin was added for the first two transfers.
The explants were incubated in darkness at 25
as roots.

C and grew vigorously

Uncontaminated explants were transferred every 3 to 4 weeks

and subcultured on the same medium.

Opine Extraction and Analysis

Opines were extracted from roots that developed on inoculated
carrot discs, from fresh roots of rooted filbert cuttings that were
transplanted and grown in the greenhouse and from roots of Douglas-fir
rooted cuttings that were stored in 95% ethanol at -20

C. The root

samples were washed, weighed, homogenized in water (Tissumizer,
Tekmar), clarified by centrifugation and evaporated under vacuum until
dry. The samples obtained from axenic carrot roots were suspended in
0.5 ml water per g of original root tissue while the samples extracted
from filberts and Douglas-fir roots were redissolved in 0.05 or 0.1 ml
water per gram of roots.

Alternatively, 50 to 100 mg (dry weight) of

filbert root samples were boiled twice in 100 ml of water, clarified
by centrifugation, evaporated under vacuum at 40
suspended in 0.1 ml water.

C until dry and
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Twenty to 40 ul of extracted opine sample were spotted on Whatman
no.

3 filter paper (8.5x11 in).

The opine standards used were IX

agropine, 1% cucumopine (provided by Frank White), 1% mannopine and
nopaline.

Orange G was used as a tracking dye.

The wet filter paper

was electrophoresed in a solution of formic acid/acetic acid/water
(30/60/910, by volume) at 500 volts for 60 to 90 min.

After drying in

the hood, the electrophoretograms were stained with phenanthrene
quinone reagent and nopaline was visualized under ultra-violet light
as a fluorescent spot.

Mannopine and agropine were detected by

dipping the dried electrophoretograms in silver nitrate (0.3 g/40 ml
acetone), drying in the hood for 10 minutes followed by dipping in
potassium hydroxide (0.65 g/50 ml of 50% ethanol).

Fifty percent

ammonium hydroxide was used to decolorize the electrophoretogram which
was left under running water for two h. Agrocinopines were detected
with phosphomolybdate reagent (Harrap, 1960).

Histochemical Assay for Beta-glucuronidase (GUS) Activity

Carrot and filbert root pieces were incubated at 37

C from one

day to one week in a filtered (Gelman Acrodisc) x-gluc
(5-bromo-4-chloro-3-indolyl glucuronide) solution (0.2 M sodium
phosphate buffer, pH 7; 0.1 M ferricyanide; 0.1 M ferrocyanide; 0.25 M
sodium EDTA; 0.35 mg/ml x-gluc).

X-gluc (Clotech laboratories, Palo

Alto, CA.) acts as a substrate for B-glucoronidase resulting in a blue
precipitate at the site of enzyme activity.

The blue roots were fixed

with an FAA solution (85 ml of 50% ethanol; 5 ml of glacial acetic
acid; 10 ml formalin).
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Nucleic Acid Extraction and Hybridizations

1.

Nucleic Acid Isolation

Five grams of clean filbert roots were finely chopped with a
razor blade and homogenized in 15 ml of extraction buffer (100 mM
Tris.HCL pH 8, 50 mM EDTA, 500 mM NaCl, 10 mM beta mercaptoethanol)
using the tissumizer.

Triton detergent (200 Ail/sample) was added and

samples left in a water bath at 65
proteins.

C for ten minutes to denature

Five ml of 1 M potassium acetate was added and samples put

on ice for 20 min to precipitate the proteins.

After centrifugation

at 13,000 rpm and 4° C in an MS.E 8 x 50 rotor for 15 min, the
supernatant containing the nucleic acids was transferred to sterile
tubes.

A 0.5 volume of phenol/chloroform (equal weight to volume) was

used to further deproteinate the DNA and RNA by centrifuging the
mixture at 15,000 rpm for at least fifteen min.

The aqueous phase was

transferred to sterile tubes where the addition of 0.6 volume of
iso-propanol precipitated the nucleic acids which were collected by
centrifugation at 15000 rpm for 1 h. The pellet was dried and
resuspended in water at 4

C overnight.

The DNA was further purified

and separated from the RNA by using QIAGEN columns which contain anion
exchange resin covalently linked to a silica gel base with a
hydrophilic surface coating to prevent nonspecific binding.

The

concentration of the salts in the nucleic acid mixtures was first
adjusted to binding conditions, then adsorbed to the tip by forcing
the samples through using a pipetman.

Buffers of increasing salt
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concentration were used to wash out impurities and elute the DNA
and/or the RNA.

A detailed description of this process is given by

the manufacturer (QIAGEN Inc., Studio City, CA.).

The nucleic acid

samples were again concentrated by iso-propanol precipitation and
resuspension of the pellets in water (see above).
The nucleic acids were visualized under ultra-violet light after
5 Ail of the sample was electrophoresed on a 1% agarose gel that
contains ethidium bromide stain.

The running buffer used was

Tris-acetate-EDTA (TAE: 4.84 g Tris-base; 1.14 ml glacial acetic acid;
0.74 g EDTA).
The concentration of the nucleic acids in solution was estimated
by comparing the intensity of the bands or smears to the intensity of
the DNA bands of known concentration (bacteriophage lambda DNA) after
photography (film = 667 polaroid, F22, 20 seconds).

The RNA

concentrations were further estimated by reading the absorbancy (OD)
at 260 nm (0D„,„ multiplied by the dilution factor corresponds to 400
Mg of RNA per ml of sample).

2.

Plasmid Minipreparation

The plasmid-containing bacteria were grown on a shaker overnight
in the appropriate liquid media (LB with antibiotic or MGY) either at
37

C for for EL. coli or at room temperature for Agrobacterium.

The cells were harvested by centrifugation at 7,000 g for 5 to 7 min.
The pellet was resuspended in 5 ml TEG solution (10 mM Tris:HCL, 1 mM
EDTA, 5% glucose).

Cells were lysed by the addition of 10 ml of 0.1 N

NaOH and 1% Triton.

After 5 min, 7.5 ml of 3 M potassium acetate (pH
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4.8 ) was added and the mixture was kept on ice for 15 min.

Plasmid

DNA was separated from chromosomal DNA, proteins and cell debris by
centrifugation at 17,000 g for half an hour.

The supernatant was

transferred to new tubes and incubated with 15 jul of ribonuclease A
(10 mg/ml) for 15 min at 65

C. Following phenol/chloroform extraction

and iso-propanol precipitation (see section 6a) the resulting pellet
was vacuum dried and resuspended in water.

The DNA was separated from

the RNA by polyethylene glycol (PEG, 30%) precipitation of the DNA
(0.33 volume PEG; 0.25 volume 4 M sodium chloride; chilling on ice for
1 h; centrifugation at 15000 rpm for 20 min in a microfuge).

The

pellet was then washed with 70% ethanol, recollected by
centrifugation, vaccum dried and resuspended in water.

3.

Southern and Dot Blot Construction and Hybridization

The plasmid DNA and the sample DNA were cut with the appropriate
restriction enzymes, according to the supplier's specifications.

The

resulting DNA fragments were separated by electrophoresis in a 1%
agarose gel made in TAE buffer for around 20 h. Acid cleavage of the
DNA was carried out by soaking the gel in 0.1 M HCL for 4-6 min.
was denatured in 0.5 M NaOH and 1.5 M NaCl for 30 min.

DNA

Alkali

transfer buffer (ATB) (1.5 M NaCl, 0,25 M NaOH) was used to
equilibrate the gel before transfer.

The DNA was transferred to a

nylon membrane (Hybond-N, Amersham) according to the Southern blotting
procedure detailed by the supplier.

The DNA was then immobilized on

the membrane by exposing it to ultra-violet light for 3 min.
The probes used were pFW41 and pVK219.

They were labelled with

37
32

P dCTP by primed synthesis for three h according to the

manufacturer's recommendation (Amersham).
was carried out at 65

Prehybridization of filters

C for 4 h in 5 x Denhardt's, 10 mM Tris, 6 x

Standard Sodium Citrate (SSC: 0.3 M NaCl; 0.03 M sodium citrate), 0.5%
SDS and 100 jug/ml of denatured salmon DNA.

The DNA was allowed to

hybridize with the denatured probe for about 70 h at 65

C. The

membranes were washed twice in 2 x SSC followed by a wash in 2 x SSC
containing 0.5% SDS at 65

C for 1 h. The membranes were covered with

plastic wrap and mounted for autoradiography with x-ray film and
exposed for different periods of time at -80

C.

Dot blotting was carried out according to the manufacturer's
recommendation (Bio-Rad).

The RNA samples were loaded into a

Biodot-SF apparatus and applied to the nylon membrane by vacuum (10
psi).

After hybridization, washes and autoradiography, the resulting

photographic image was. analysed using an LKB laser gel scanner in
1-dimension.

The intensity of the bands is expressed as an integral

of the function of intensity by width in unit area x mm (AU.mm).
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RESULTS

Filbert

In 1987, several strains of Agrobacterium rhizogenes were tested
for their effect on rooting and bud retention on filbert 'Ennis' stem
cuttings with and without IBA.
rooting than IBA.

The bacteria alone stimulated more

Treatment with A7 + #22 resulted in 56.7% rooting

which was significantly higher than the 10% rooting in the IBA
treatment (Table 2).

Bud retention was significantly higher on

bacteria-treated 'Ennis' softwood cuttings compared to IBA-treated
cuttings (Table 3).

Up to 63.3% of the bacteria-treated (#23, A2)

cuttings had one or more buds.

Although 43.3% of the water-treated

and 60% of the avirulent (X-64)-treated cuttings had buds, only 3.3%
of the cuttings had both buds and roots.

The percentage of cuttings

with both roots and buds was significantly greater overall in the
bacterial treatments than in the bacteria/IBA treatments (Table 2, 3).
Each bacterial treatment resulted in a higher percentage of roots and
buds than the corresponding bacteria/IBA treatment.

The highest

percentage of rooted cuttings with buds was obtained in #23-treated
cuttings.

None of the cuttings rooted by IBA treatment without

bacteria had buds.
Semi-hardwood filbert cuttings collected and treated in October,
1987 failed to respond to any of the bacterial or IBA treatments by
rooting (Table 4).
both varieties,

A high percentage of heavy callus was noted in

'Ennis' and 'Casina', in response to both water and

bacterial treatments.

Poor callusing was observed in IBA- and
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Table 2. Effect of Aprobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 26 July 1987.

Variable
Treatment
Water
IBA, 2500ppm
X-64
X-64 + IBA
A2
A2 + IBA
#23
#23 + IBA
A2 + #23
A2 + #23 + i:
A7
A7 + IBA
#22
#22 + IBA
A7 + #22
A7 + #22 + i:

Rooting

Buds

Roots & buds

16.7
10
6.7
20
36.7
26.7
46.7
40
46.7
40
30
26.7
30
46.7
56.7
46.7

43.3
0
60
0
50
13.3
63.3
6.7
36.7
23.3
63.3
13.3
53.3
16.7
53.3
10

3.3
0
3.3
0
23.3
6.7
43.3
3.3
16.7
20
16.7
6.7
13.3
10
30
6.7
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Table 3. Significance of interactions of treatments on rooting
percentages (Roots), the percentage of cuttings with buds (Buds)
and the percentage of rooted cuttings with buds (Roots and Buds)
of filbert 'Ennis' cuttings propagated in 1987. The p-value is
given as a measure of significance.

Source of Variation

Replicate
IBA
X-64
IBA * X-64
A7
IBA * A7
#22
IBA * #22
A7 * #22
IBA * A7 * #22
A2
IBA * A2
#23
IBA * #23
A2 * #23
IBA * A2
#23

Roots

Buds

Roots and Buds

< 0.00005
0.0516
0.0516

0.0026

0.0284
0.0072

+
+
+
+
+
0.0026

-, indicates non-significant interaction
+, indicates significant interaction since the effect of IBA * A2 *
#23 on percentage of cuttings with roots and buds was significant
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Table 4. Percentages of rooted and callused filbert semi-hardwood cuttings
propagated on 19 October 1987.

Roots
Treatment

Water
IBA, 2500 ppm
X-64
X-64 + IBA

A2
A2+IBA

23
23 + IBA
A2 + 23
A2 + 23 + IBA

A7
A7 + IBA

22
22 + IBA
A7 + 22
A7 + 22 + IBA

Callus

' Ennis'

'Casina'

0
.3
0
0
0
0
.3
0
0
0
0
0
0
0
0
0

0
10
0
5
0
15
5
10
0
0
0
10
0
5
5
20

'Ennis'

93.3

40
100
16.7
66.7
43.3
76.7
33.3
96.7
23.3

60
23.3

70
33.3
86.7
36.7

'Casina'

95
25
100
45
90
50
80
75
89.5

40
90
30
70
55
85
25
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bacteria/IBA-treated cuttings.
Two varieties of filbert, 'Casina' and 'Ennis', were propagated
in the summer of 1988.

Although rooting percentages were similar in

both varieties, the percentage of cuttings with one or more buds and
the percentage of rooted cuttings with one or more buds were
significantly higher for the cultivar 'Casina' than for 'Ennis' and
bud retention on 'Casina' was best on July 6.
Rooting of water-treated cuttings of 'Casina' propagated on June
14 was significantly lower than the IBA-, bacteria- or
bacteria/IBA-treated cuttings (Table 5).
resulted in 100% rooting.

Treatment with A7 + #22

IBA- and A2 + #23-treated 'Casina' cuttings

rooted similarly (80 and 90% respectively), whereas rooting percentage
of water-treated cuttings was 26.7%.

Bud retention on cuttings

treated with IBA was significantly lower than the water- and
bacteria-treated cuttings.

Similarly, the percentage of cuttings with

both roots and buds was significantly greater in the water- and
bacteria-treated cuttings than in treatments with IBA.

Bud retention

and percentage of rooted cuttings with buds were best in A7 +
#22-treated cuttings (43.3%) followed closely by water- and A2 +
#23-treated cuttings.
Additional bacterial treatments were applied to 'Casina' cuttings
on June 23 (Table 6).

Bacteria and bacteria/IBA treatments on that

date caused similar rooting response.

Only water treatment resulted

in a significantly lower rooting percentage than the remaining
treatments.

Some bud retention was noted on that date even by

IBA-treated cuttings but the means were not significantly different.
Among the 'Casina' cuttings collected July 6, rooting in the IBA
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Table 5. Effect of Agrobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Casina'
stem cuttings propagated on 14 June 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA

Rooting

Buds

Roots & buds

26.7
80
90
60
100
73.3

30
0
13.3
0
43.3
3.3

20
0
13.3
0
43.3
3.3
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Table 6. Effect of Agrobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Casina'
stem cuttings propagated on 23 June 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + i:
A7 + #22
A7 + #22 + i:
A2
A2+IBA
23
23 + IBA
A7
A7 + IBA
22
22 + IBA
X-64
X-64 + IBA

Rooting

Buds

Roots & buds

50
93.3
73.3
86.7
80
80
90
93.3
93.3
70
93.3
90
70
96.7
60
90

20
23.3
16.7
0
0
0
3.3
0
23.3
0
3.3
0
6.7
3.3
16.7
0

20
23 3
16 7
0
0
0
3.3
0
23.3
0
3.3
0
3.3
3.3
16.7
0
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and bacteria/IBA treatments ranged from 30 to 95% (Table 7).

The

bacterial treatments A2 + #23, A7 + #22 and 232 rooted 20 to 30
percentage points better than the corresponding bacteria/IBA-treated
cuttings.

Again water-treated cuttings rooted poorly.

was best with water- and bacteria-treated cuttings.

Bud retention

The highest

percentage of rooted cuttings with buds was 70% in the A2 + #23
treatment.

The remaining bacterial treatments resulted in 45 to 60%

rooted cuttings with buds.

The percentage of cuttings with roots and

buds was low in water, IBA and bacteria/IBA treatments.
Bud retention on rooted cuttings was higher with bacteria- and
water-treated cuttings as compared to IBA-treated cuttings on all
dates and the increase was statistically significant (Table 8).

Bud

retention on 'Casina' was low in June but increased to 70% on July 6.
The difference in bud retention between cuttings without IBA vs with
IBA was highly significant statistically (Table 8).
'Ennis' stem cuttings were propagated on seven dates in 1988.

On

June 3, rooting percentages ranged from 53.3 (A2 + #23 + IBA) to 100%
(A7 + #22) (Table 9).

In only two treatments were buds retained on

rooted 'Ennis' cuttings, water and A7 + #22.

The rooting percentages

of 'Ennis' cuttings propagated on June 14 still ranged from 56.7 to
96.7%, but in this case a significant difference existed between IBA,
A2 + #23, A7 + #22 treatments and water, bacteria/IBA treatments
(Table 10).

Bud retention was poor.

On June 22, rooting percentages

ranged from 73.3 to 96.7%, bud retention was almost zero and there
were no significant differences in rooting percentages or percentage
of cuttings with/without roots and with one or more buds (Table 11).
Treatment of 'Ennis' cuttings propagated on June 23 using A2 + IBA and
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Table 7. Effect of Aprobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Casina'
stem cuttings propagated on 6 July 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA
232
232 + IBA
MinusGUS
MinusGUS + IBA
pGUS (MGY)
pGUS + IBA (MGY)
pGUS (LB)
pGUS + IBA (LB)

Rooting

ids

Roots & buds

20
80
90
70
95
75
85
55
30
70
65
65
60
80

50
0
70
5
60
0
50
0
80
5
80
5
70
0

20
0
70
5
60
0
45
0
25
5
60
5
50
0
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Table 8. Significance of interactions of replicate, IBA, bacteria
and date on rooting percentages (Roots), the percentage of cuttings
with buds (Buds)and the percentage of rooted cuttings with Buds
(Roots and Buds) of filbert 'Casina' cuttings propagated in 1988.
The p-value is given as a measure of significance.

Source of Variation

Replicate
Date
Date * Replicate
IBA
Date * IBA
Bacteria
Date * Bacteria
IBA * Bacteria
Date * IBA * Bacteria

Roots

Buds

0.0016

Roots and Buds

0.0118

< 0.00005

indicates non-significant interaction

0.0424

48

Table 9. Effect of Agrobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 3 June 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA

Rooting

uds

Roots & buds

96.6
90
66.7
53.3
100
56.6

10
0
0
0
3.3
0

10
0
0
0
3.3
0
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Table 10. Effect of Agrobacterium rhizogenes and IBA on rooting
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 14 June 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA

Rooting

Buds

Roots & buds

56.7
96.7
96.7
76.7
90
63.3

.3
0
0
0
0
0

3.3
0
0
0
0
0
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Table 11. Effect of Agrobacterium rhizogenes and IBA on rooting
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 22 June 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA

Rooting

Buds

Roots & buds

73.3
76.7
76.7
80
96.7
93.3

0
0
.3
0
0
0

0
0
.3
0
0
0
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#22 resulted in the highest rooting percentages on that date (83.3%)
while those cuttings treated with #23 + IBA and #22 + IBA had the
lowest rooting percentages (Table 12).
caused 60 to 80% rooting.

The remaining treatments

No bud retention was noted on June 23.

However, on July 6, 10% of the 'Ennis' cuttings treated with minusGUS
strain had roots and buds while 3.3% of pGUS- and water-treated
cuttings had both roots and buds (Table 13).

Rooting percentages on

July 6 were still high (70 to 93.3%) with the exception of the water
treatment which resulted in 20% rooting.

On July 15, the lowest

rooting percentage was obtained in cuttings treated with the avirulent
strain X-64 and with the minusGUS strain (Table 14).
to 83.3% was observed in the remaining treatments.
was noted on that date.

Rooting of 46.7
No bud retention

A decline in rooting percentage of water- and

IBA-treated cuttings was observed on July 26 while the rooting
percentages caused by A2 + #23, A7 + #22, 232 and A4 were still high
(Table 15).

Furthermore, an increase in bud retention and in

percentage of cuttings with roots and buds was noted in water-, A2 +
#23-, A7 + #22 and A7 + #22 + IBA-treated 'Ennis' cuttings.

This

increase was significant as indicated by the existence of an
interaction between date and IBA on bud retention (Table 16).
Bacteria-treated 'Ennis' cuttings propagated in 1988 rooted better
than IBA-treated cuttings (Table 16).
Once rooted and graded, the filbert cuttings were transplanted
and grown on.

The following spring, the root system of most of the

filbert cuttings that had been treated with bacteria was very
extensive, a trait characteristic of transformed roots that express
the hairy-root phenotype (Fig.

1).

The roots of the IBA- and the
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Table 12. Effect of Agrobacter ium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 23 June 1988.

Variable
Treatment
Wate:
IBA, lOOOppm
A2 + #23
A2 + #23 + i:
A7 + #22
A7 + #22 + li
A2
A2+IBA
23
23 + IBA
A7
A7 + IBA
22
22 + IBA
X-64
X-64 + IBA

Rooting

Buds
Is

Roots & buds

63.3
70
56.7
80
63.3
60
80
83.3
60
53.3
73.3
73.3
83.3
53.3
56.7
66.7

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Table 13. Effect of Aprobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 6 July 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA
232
232 + IBA
MinusGUS
MinusGUS + IBA
pGUS (MGY)
pGUS + IBA (MGY)
pGUS (LB)
pGUS + IBA (LB)

Rooting

uds

Roots & buds

26.7
86.7
86.7
86.7
86.7
76.7
93.3
80
80
76.7
86.7
70
70
70

3.3
0
0
0
0
0
0
0
10
0
3.3
0
0
0

3.3
0
0
0
0
0
0
0
6.7
0
3.3
0
0
0
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Table 14. Effect of Agrobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 15 July 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA
232
232 + IBA
A4
A4 + IBA
X-64
X-64 + IBA
MinusGUS
MinusGUS'+ IBA
pGUS (MGY)
pGUS + IBA (MGY)
pGUS (LB)
pGUS + IBA (LB)

Rooting

Buds
Is

Roots & buds

46.7
83.3
83.3
53.3
76.7
50
66.7
60
80
60
10
66.7
30
66.7
46.7
66.7
50
83.3

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Table 15. Effect of Agrobacterium rhizogenes and IBA on rooting,
bud retention and root plus bud percentages of filbert 'Ennis'
stem cuttings propagated on 26 July 1988.

Variable
Treatment
Water
IBA, lOOOppm
A2 + #23
A2 + #23 + IBA
A7 + #22
A7 + #22 + IBA
232
232 + IBA
A4
A4 + IBA
X-64
X-64 + IBA
MinusGUS
MinusGUS + IBA
pGUS (MGY)
pGUS + IBA (MGY)
pGUS (LB)
pGUS + IBA (LB)

Rooting

Buds

Roots & buds

16.7
53.3
86.7
56.7
76.7
70
66.7
70
96.7
76.7
36.7
56.7
50
70
46.7
70
16.7
83.3

10
0
13.3
0
10
3.3
0
0
0
0
0
0
6.7
0
3.3
0
26.7
0

6.7
0
10
0
3.3
3.3
0
0
0
0
0
0
0
0
0
0
0
0
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Table 16. Significance of interactions of replicate, IBA,
and date on rooting percentages (Roots), the percentage of
with buds (Buds)and the percentage of rooted cuttings with
(Roots and Buds) of filbert 'Ennis' cuttings propagated in
The p-value is given as a measure of significance.

Source of Variation

Replicate
Date
Date * Replicate
IBA
Date * IBA
Bacteria
Date * Bacteria
IBA * Bacteria
Date * IBA * Bacteria

Roots

Buds

0.0015
< 0.00005
0.0324

indicates non-significant interaction

bacteria
cuttings
Buds
1988.

Roots and Buds

0.0452
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Figure 1. Hairy-root phenotype expressed in
filbert cuttings. Extensive root system was
treated with A^ rhizogenes strains A2 + #23,
the water-, X-64 (avirulent)- or IBA-treated

Agrobacterium-treated
observed in cuttings
232 and A7 + #22 but not in
cuttings.
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water-treated appeared normal and lacked the large amount of secondary
roots present in roots of bacteria-treated roots.

Douglas-fir

Three Douglas-fir clones (AM, MN, K) were propagated in 1987.
The stem cuttings were treated with four strains of A^.
singly and in pairs, with/without 7.5 mM NAA.
without NAA application.

rhizogenes.

There was no rooting

Most bacteria/NAA treatments increased

rooting of cuttings of clone MN with the exception of A7 + NAA and
avirulent (X-64) + NAA treatments which gave similar results to
NAA-treated cuttings (Tables 17).
not stimulated by the bacteria.

Rooting of the AM and K clones was
Statistical analyses of the

Douglas-fir rooting data indicated a significant interaction between
clone, A2 and #23 (Table 18).

Most of the Douglas-fir cuttings rotted

in 1988 due to technical problems in the propagation system.
In 1989, four mist frequencies (3, 5, 9 and 12 mists/day) were
applied to AM, MN and K cuttings planted on four dates (26 January,
10, 17 and 24 February).
Douglas-fir cuttings.

No rooting was noted with water-treated

MN rooted better than the other two clones on

all dates and at all four mist frequencies.

The highest rooting

percentages of MN cuttings were obtained on January 26 at all mist
frequencies, with 9 and 12 mists/day being the most favorable for
rooting (Table 19).

Although both NAA- and bacteria/NAA-treated MN

cuttings rooted equally well on that date, the rooting percentage of
the NAA-treated cuttings declined dramatically at later dates while
only slight reduction in rooting was observed with the
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Table 17. Effect of Aprobacterium rhizogenes and NAA on rooting
of Douglas fir 'Alva Mitchell', 'Mike Newton' and 'Kintigh 21-2'
stem cuttings propagated on 23 January 1987.

Variable
Treatment
Untreated
NAA, 7.5 mM
X-64 + NAA
A2 + NAA
#23 + NAA
A2 + #23 + NAA
A7 + NAA
#22 + NAA
A7 + #22 + NAA

'Alva Mitchell'

0
50
60
23.3
23.3
50
43.3
23.3
41.9

'Mike Newton'

0
26.7
30
56.7
63.3
46.7
20
53.3
50

"Kintigh 21-2'

0
56.7
33.3
46.7
36.7
43.3
46.7
63.3
50

60

Table 18. Significance of interactions of treatments and clones
on rooting percentage of Douglas-fir cuttings propagated in 1987.
The p-value is given as a measure of significance.

Source of Variation

Replicate
Clone
A7
Clone *A7
#22
Clone * #22
A7 * #22
Clone * A7 * #22
A2
Clone * A2
#23
Clone * #23
Clone * A2 * #23 .

indicates non-significant interaction

Rooting Percentage

0.0457
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Table 19. Effect of Agrobacterium rhlzogenes and NAA on rooting of
Douglas-fir 'Mike Newton' stem cuttings propagated on 26 January 1989
under four different mist frequencies.

Mist Frequency (times/day)
Rooting Treatment
Water
NAA (7.5 mM)
X-64 + NAA
A2 + NAA
#23 + NAA
A2 + #23 + NAA
A7 + NAA
#22 + NAA
A7 + #22 + NAA
A4 + NAA
232 + NAA

3

5

9

12

0
60
53.3
46.7
53.3
40
36.7
46.7
33.3
40
43.3

0
36.7
43.3
53.3
30
56.7
33.3
43.3
36.7
30
46.7

0
73.3
50
53.3
53.3
36.7
66.7
60
50
60
76.7

0
66.7
66.7
33.3
53.3
63.3
83.3
63.3
50
36.7
43.3
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bacteria/NAA-treated stem cuttings (Table 20).

Rooting percentages of

bacteria/NAA-treated cuttings seemed to increase at mist frequencies 9
and 12 on February 24 after a slight decrease on February 10 and 17
over the rooting percentages observed on January 26.

AM and K did not

root well at any date or in response to any of the treatments (Tables
21-22).

Rooting percentage did not exceed 36.7% for AM or 53.3% for K

and was erratic.

Mist frequencies 9 and 12 generated better rooting

of AM cuttings than 3 and 5 on all four dates (Tables 21, 22).

Again

the highest rooting percentages were obtained on January 26 and
February 24 at 9 and 12 mists/day.

Very little rooting of AM cuttings

was observed at mist frequencies 3 and 5 on all four dates.
rooted slightly better than AM (Tables 23, 24).

'Kintigh'

Some

bacteria/NAA-treated K cuttings stimulated rooting on 10 February at
mist' frequency 9 and on 24 February at mist frequency 12.

The

Douglas-fir rooting data was statistically analyzed and all the
significant interactions are listed in Table 25.

Best rooting was

obtained at mist frequency 9 on January 26 and MN rooted better than K
and AM.

Transformation Studies

Axenic carrot root cultures were established to provide a
continuous supply of transformed roots (Fig.

2, 3).

Analysis of

opines extracted from these roots by paper electrophoresis indicated
one major spot that migrated with agropine and a minor spot that
migrated with mannopine (Fig.

4).

Although faint, these two spots

were seen in all the carrot root samples derived from each A^
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Table 20. Effect of Agrobacterium rhizogenes and NAA on rooting of
Douglas-fir 'Mike Newton' stem cuttings propagated in 1989 on three
dates under four different mist frequencies.

Mist Frequency (times/day)
Rooting Treatment

3

5

9

12

10 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
16.7
16.7
16.7
23.3
16.7
23.3

0
3.3
30
30
16.7
16.7
13.3

0
16.7
60
46.7
23.3
36.7
53.3

3.3
3.3
20
13.3
10
13.3
20

17 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
20
26.7
20
13.3
16.7
36.7

0
10
10
10
3.3
6.7
10

0
26.7
30
40
36.7
23.3
20

3.3
13.3
23.3
13.3
33.3
30
10

24 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
13.3
20
13.3
13.3
20
13.3

0
6.7
43.3
50
50
43.3
53.3

0
13.3
56.7
23.3
53.3
36.7
50
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Table 21. Effect of Agrobacterium rhizogenes and NAA on rooting of
Douglas-fir 'Alva Mitchell' stem cuttings propagated on 26 January
1989 under four different mist frequencies.

Mist Frequency (times/day)
Rooting Treatment
Water
NAA (7.5 mM)
X-64 + NAA
A2 + NAA
#23 + NAA
A2 + #23 + NAA
A7 + NAA
#22 + NAA
A7 + #22 + NAA
A4 + NAA
232 + NAA

12
0
0
0
10
0
3.3
6.7
6.7
0
6.7
10

0
0
3.3
6.7
0
6.7
0
0
3.3

0

0

16.7
33.3
13.3
23.3
23.3
13.3

13.3

20
10

23.3
16.7

20
20

16.7
13.3
30

16.7

13.3

10

6.7

6.7

23.3
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Table 22. Effect of Agrobacterium rhizogenes and NAA on rooting of
Douglas-fir 'Alva Mitchell' stem cuttings propagated in 1989 on three
dates under four different mist frequencies.

Mist Frequency (t:Lmes/day)
Rooting Treatment

3

5

9

12

10 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
10
0
0
3.3
3.3
0

0
3 .3
3 .3
3 .3
0
0
0

0
13.3
10
13.3
6.7
20
16.7

13.3
0
16.7
3.3
6.7
10
0

17 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
10
0
3.3
0
0
3.3

0
3 .3
0
0
3 .3
0
0

0
3.3
3.3
6.7
3.3
0
3.3

6.7
6.7
13.3
0
3.3
0
0

24 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
0
0
3.3
0
0
0

0
13.3
20
10
23.3
36.7
6.7

0
16.7
10
20
6.7
10
13.3
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Table 23. Effect of Agrobacterium rhizopenes and NAA on rooting of
Douglas-fir 'Kintigh 21-2' stem cuttings propagated on 26 January
1989 under four different mist frequencies.

Mist Frequency (times/day)
Rooting Treatment
Water
NAA (7.5 mM)
X-64 + NAA
A2 + NAA
#23 + NAA
A2 + #23 + NAA
A7 + NAA
#22 + NAA
A7 + #22 + NAA
A4 + NAA
232 + NAA

3

5

9

12

6.7
6.7
20
3.3
10
10
6.7
3.3
0
3.3
10

0
13.3
0
3.3
3.3
0
3.3
10
0
10
13.3

0
53.3
40
13.3
30
20
46.7
13.3
36.7
36.7
13.3

0
30
33.3
3.3
13.3
6.7
26.7
3.3
0
26.7
3.3
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Table 24. Effect of Aprobacterium rhizogenes and NAA on rooting of
Douglas-fir 'Kintigh 21-2' stem cuttings propagated in 1989 on three
dates under four different mist frequencies.

Mist Frequency (times/day)
Rooting Treatment

3

5

9

12

10 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
20
6.7
0
16.7
16.7
16.7

0
3.3
10
10
6.7
16.7
23.3

0
3.3
23.3
13.3
40
16.7
16.7

0
6.7
3.3
10
3.3
6.7
3.3

17 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
3.3
6.7
3.3
3.3
13.3
23.3

0
0
0
0
0
0
0

0
3.3
0
13.3
10
6.7
13.3

0
13.3
0
16.7
0
10
10

24 February
Water
NAA (7.5 mM)
A2 + #23 + NAA
A7 + #22 + NAA
232 + NAA
MinusGUS + NAA
pGUS + NAA

0
0
6.7
0
3.3
3.3
3.3

0
20
10
3.3
10
6.7
6.7

0
3.3
16.7
33.3
3.3
23.3
13.3
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Table 25. Significance of interactions of treatments, clones,
dates and mist frequencies on rooting percentage of Douglas-fir
cuttings propagated in 1989. All possible interactions were
tested. The p-value is given as a measure of significance.

Source of Variation

A2 * MistZ„
A2 * (:ione^
Clone * Mist^
Datey * Mist
Datey * Treatment
Datey * Clone
Clone * Mista
Date, * Mista
Date * Clone
Clone * Mista
DateC * Mista

z:
y:
x:
a:
b:
c:

Rooting Percentage

0.0177
< 0.00005
0.0219
0.0405
0.0294
< 0.00005
0.0348
0.0031
< 0.00005
0.0021
< 0.00005

interaction valid on January 26.
dates included January 26 and February 10 and 17.
treatments included NAA, 232, A2 + #23 and A7 + #22.
mists included 3, 9 and 12 mists per day.
all dates included.
dates included February 10, 17 and 24.
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Figure 2. Hairy-root formation in Agrobacterium-treated carrot root
discs. Hairy roots appeared 3 to 4 weeks after inoculating carrot root
discs with virulent Agrobacterium strain pGUS. Avirulent strain X-64
failed to induce root formation.
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Figure 3. Axenic hairy-root culture of root tips obtained from hairy
roots incited on carrot root discs by A^ rhizogenes.
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Figure 4. Paper electrophoresis analysis of extracts from subcultured
hairy roots of carrot. Lane A: A7/83 roots; Lane B: #23 roots; Lane C:
agropine standard; Lane D, E: 232 roots; a: agropine; m: mannopine.
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rhizogenes strain used in this study.

No opines were detected in any

of the samples extracted from filbert or Douglas-fir roots regardless
of the method of extraction.
During the DNA extraction from filbert roots, a sample of ground
roots was streaked on an MGY plate and a biovar-2 plate to test for
the presence of Aprobacterium.

After two days of incubation at 25

C,

Agrobacterium colonies appeared on both plates.
The GUS assay carried out with root pieces taken from axenic
carrot cultures was positive for most of the pGUS-infected roots (Fig.
5) and negative with all the minusGUS-infected roots.

The blue color

characteristic of a positive reaction, appeared after about 24 h
incubation of the carrot roots in the X-gluc solution.
blue roots declined with each subculture.

The number of

No fi-glucuronidase activity

was detected using root pieces derived from pGUS-treated filbert or
Douglas-fir cuttings even when incubated for one week.
In Southern blot hybridization, the DNA extracted from filbert
roots failed to hybridize with the pFWl (TR-DNA) probe or with the
pVK219 (vir) probe (Fig.

6).

The TR-DNA probe detected 1 pg of

plasmid DNA extracted from the pGUS strain and with l^tg of total DNA
extracted from the A^ rhizopenes strains used in this study.
In dot blotting, both the TR-DNA and the vir region probes
hybridized with the RNA extracted from roots of water- and IBA-treated
filbert cuttings (Fig.

7, 8).

Eleven of the 12 RNA samples extracted

from bacteria-treated roots had values similar to the controls.

One

sample, extracted from the roots of a filbert cutting treated with a
combination of two Agrobacterium strains, A2 and #23, showed a signal
3 to 4-fold higher than the other samples with the TR-DNA probe and a
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Figure 5. Positive GUS assay displayed in a portion of the axenic
carrot root. This root was assayed after the third subculture.
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Figure 6. Southern blot hybridization to DNA extracted from filbert
roots using the TR-DNA probe pFW41. Lanes A, E and P: 1/ig lambda
DNA digested with Hind 3; B: DNA from water-treated filbert roots;
C, D, J, L, M and N: DNA from individual roots of A7 + #22-treated
cuttings; K: DNA from pGUS-treated filbert roots; filbert DNA was
digested with Eco Rl. Lanes F, G, H and I: 0.1, 1, 10 and 100 pg of
pGUS DNA digested with Bam HI; 0: Phaseolus DNA.
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Figure 7. Slot blot hybridization to total nucleic acids extracted
from filbert roots using the TR-DNA probe pFW41. A1-A5 (B1-B5): 4/ig
(1/ig) of DNA from filbert roots treated respectively with IBA (Al.Bl),
water (A2IB2)>A7 + #22 (A3,B3; A4,B4) and 232 (A5,B5); A6-A8,F6-F8: 1,
10 and 100 pg of pVK219 DNA; B6-B8: 2/ig of DNA from A,, rhizogenes
strains #22 (B6), #23 (B7) and 232 (B8); C1-C6 (D6-D6): 4>Ug (l>Ug) of
DNA from A2 + #23-treated filbert roots; C7-C8 (D7-D8): 4/ig (l/xg) of
DNA from pGUS-treated filbert roots; El (Fl) : 4/ig (1/ig) of DNA from
232-treated filbert roots; E2-E5: 2/ag of DNA from strains A2/83 (E2),
X-64 (E3), pGUS (E4) and minusGUS (E5); E6: 1 pg pVK219 DNA; E7, E8: 1
and 10 pg pFW41 DNA; F5-F8: 1, 10, 100 and 100 pg of pFW41 DNA. One
RNA filbert sample (€4,04) hybridized much more strongly with the
TR-DNA probe than with the vir probe.
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Figure 8. Slot blot hybridization to total nucleic acids extracted
from filbert roots using the vir probe pVK219. A1-A3: 1, 10 and 100 pg
of pFW41 DNA; A4-A8 (B4-B8): 4/ig (1/ag) of DNA from filbert roots
treated with IBA (A4,B4), water (A5,B5), A7 + #22 (A6,A7; B6,B7) and
232 (A8,B8); B1-B3: 2, 1.5 and 1/ig of DNA from A^ rhizogenes strains
A2/83 (Bl), A4 (B2) and A7/83 (B3); C1-C3 (D1-D3): hMg (l/ig) of DNA
extracted from filbert roots treated with 232 (Cl.Dl) and pGUS (C2,C3;
D2,D3); C4-C8IE4 (D4-D8,F4): 4>(ig (1/ig) of DNA extracted from A2 + #23treated filbert roots; E1-E3: 1.5, 2.5 and 1.5 ug DNA from strains X-64
(El), pGUS (E2) and minusGUS (E3); F1-F3: 1, 10 and 100 pg of pVK219
DNA; F5,F7: 10 and 100 pg of pVK219 DNA; F6,F8: 10 and 100 pg of pFW41
DNA.
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normal signal with the vir probe (Table 26)
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Table 26. Densitometry of 2 dot blot filters loaded with RNA samples
of filbert roots and hybridized to the TR-DNA (pFW41) or the vir
(pVK219) probes. The gel scanner gave a reading of the intensity of
each slot in unit area x mm (AU.mm). The T-DNA and the vir values in
this Table are in pg^fcig.

Rooting Treatment

T-DNA

vir

Water
IBA
A7 + #22
A7 + #22
232
232
pGUS
pGUS
A2 + #23
A2 + #23
A2 + #23
A2 + #23
A2 + #23
A2 + #23

118.0
138.6
75.2
34.9
66.4
67.7
169.4
188.3
141.7
39.1
150.1
134.6
9
20.6

32.7
55.4
32.7
16.1
50.8
23.8
98.5
85.1
69.1
11.9
18.1
63.5
15.6
31.8

T-DNA/vir
1.9
2.5

2.2
2
3.2
8.3
2.1
0.6
0.7

The intensity of the signal generated by hybridizing 100 pg of RNA
extracted from the plasmid pFW41 with the TR-DNA probe was 0.044 AU.mm.
The intensity of the signal generated by hybridizing 100 pg of RNA
extracted from the plasmid pVK219 with the vir probe was 0.088
AU.mm.
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DISCUSSION

Based on these results, A,, rhizogenes treatments can influence
propagation of woody plants.

Bacterial treatments stimulated rooting,

but not bud abscission of filbert 'Ennis' softwood terminal cuttings
propagated in 1987 and of 'Casina' cuttings propagated in 1988.
Rooting was as good or better with Agrobacterium compared to
IBA-treated filbert cuttings indicating that A^. rhizogenes enhanced
bud retention and therefore could be a useful treatment in
propagation.

Bud retention seemed to improve as the cuttings

approached the semi-hardwood stage.
Bergougnoux et al.

Preliminary studies by

(1976) found that semi-hardwood filbert cuttings

rooted better than terminal softwood cuttings.

Rooting ranged from

59-100% with semi-hardwood cuttings as compared to the 47-80% obtained
with softwood cuttings.

Subterminal semihardwood cuttings rooted

better than apical cuttings.

Comparatively, for the softwood cuttings

propagated in this study, rooting was 55 to 100% in the cultivar
'Casina' and 46 to 100% in 'Ennis'.
There are several possible sources for the lower bud retention
obtained with 'Ennis' cuttings propagated in 1988 compared to 1987.
The physiological stage of the cuttings seems to be very important.
Date has been used as a measure to predict the best propagation time
for filbert but date may not be adequate.

If the optimal period for

propagation is narrow, than an index other than time may be needed.
Another difference between 1987 and 1988 was the change in IBA
concentration from 2500 ppm in 1987 to 1000 ppm in 1988 based on
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Lagerstedt's recommendation.

Lowering the IBA concentration should

not affect bud retention which could be influenced by the source of
auxin.

Auxin, applied as IBA, promoted bud abscission while the

bacterial source, IAA, caused less abscission.
In view of the genotypic differences in response to rooting
treatment, and the better bud retention obtained in July of 1989,
additional filbert cultivars, more replicates and subterminal cuttings
should be propagated using A^ rhizo^enes over a longer period of time
(May-September) in order to confirm our results and to improve bud
retention.
In Douglas-fir, Agrobacterium alone did not stimulate rooting
but when applied to MN cuttings in combination with NAA around the end
of January 1987 and February 1989, rooting percentage was higher than
that caused by NAA alone.

Rooting of AM and K cuttings was not

stimulated by the Aprobacteria.

Thus, A^ rhizogenes may enhance

rooting of some Douglas-fir clones, although the treatments appear
less promising than for filbert.

However, since the rooting

percentage of NAA-treated cuttings declined dramatically in February
while only a slight reduction in rooting was noted with the
bacteria/NAA-treated stem cuttings, use of A^. rhizogenes might
lengthen the propagation season for Douglas-fir cuttings.

Previous

studies indicated that the best period for propagating Douglas-fir was
December through March.

Since the only collection dates tested in our

study occurred in January and February, and due to the genotypic
differences in response to rooting treatments, more clones should be
tested over a longer period of time (Jan-Mar) using a combination of
Agrobacterium and NAA.
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To determine whether transformation was the cause of the
hairy-root phenotype of filbert, opine analyses, the GUS assay,
Southern and dot blotting were carried out.

Both opines and

GUS-positive tissues were detected in carrot roots, yet several
attempts using filbert and Douglas-fir roots were negative.

Since

Southern blot analysis sensitive to 1 pg of plasmid DNA failed to
detect any Aprobacterium plasmid sequence in the DNA of the putatively
transformed filbert roots, there must be less than 1 pg/ug of
clonally-derived DNA in the filbert genome.

Dot blotting was used to

detect transcripts analogous to the genes contained in the transferred
T-DNA region and the non-transferred vir region.

The vir probe

(pVK219) was used to account for the contaminating agrobacteria while
the TR-DNA (pFW41) probe was used to detect the TR-DNA present which
can come from two sources: transformed filbert tissues and
contaminating agrobacteria.

The high T-DNA/vir ratio found in the

roots of one of the A2 + #23-treated filbert cuttings could be
accounted for by transformation.
Understanding how roots are formed could explain our failure to
detect T-DNA in A^

rhizogenes- treated roots.

the outer injured cells die.

When a cutting is made,

A necrotic plate forms, seals the wound

with suberin and plugs the xylem with gum in order to protect the cut
surface from desiccation.

A few days later, living cells behind this

plate begin to divide and a layer of parenchyma cells (callus) may
form.

Certain cells in the vicinity of the vascular cambium and

phloem form root initials which subsequently develop into root
primordia.

The root primordia then grow and emerge through other stem

tissue and form vascular connections with the conducting tissues of
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the cutting itself (Hartmann and Kester, 1983).

Wounding is necessary

for Agrobacterium infection and must occur before the necrotic plate
forms for transformation to take place.

Some transformed cells may

become a part of the callus and some may be included in the primordial
meristem.

If only one T-DNA copy were inserted in a diploid cell and

the number of transformed cells was low, then the population of
transformed cells would be diluted as the root developed.

This could

explain the decreasing frequencey of GUS-positive carrot roots with
each subculture, as well as the negative opine analysis and GUS assay
results for filbert and Douglas-fir roots and the inability to detect
T-DNA in the DNA extracted from filbert roots.

Furthermore, pFW41,

the probe used in Southern blotting is a TR-DNA probe.

According to

Vilaine and Casse-Delbart (1987), TR-DNA is not required for
hairy-root formation and TL-DNA alone can transform plant tissues.
TR-DNA and TL-DNA do not seem to share common genes.

Since TR- and

TL-DNA can independently transform plant tissue, there could be
differential transformation by TR- and TL-DNA and the pFW41 probe
would fail to detect the TR-DNA.

Although TR-DNA codes for opine and

auxin synthesis, TL-DNA controls the hairy-root phenotype and the role
of auxin is only accessory.

In fact, the four loci (rol A, B, C and

D) that affect the abundance and morphology of transformed roots are
located on the TL-DNA, while agropine genes are located on the TR-DNA.
Thus, the hairy-root appearance of the filbert roots where no opines
were detected could be caused by the presence of only the TL-DNA, and
little (one transformation event was detected using the pFW41 probe
through dot blotting) or no TR-DNA.
Since only one out of twelve RNA samples extracted from
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bacteria-treated roots exhibited this high T-DNA/vir ratio and all of
those roots had a hairy-root appearance, transformation may not be the
only cause of the positive effect of the agrobacteria on rooting.
Based on the results obtained in the opine analysis of axenic carrot
culture roots, all the strains used in this study belonged to the
agropine-type class of A^. rhizogenes which is the only class where the
bacteria express the auxin gene located on the TR-DNA.

Thus, these

strains could provide an external source of auxin which could aid
rooting of Douglas-fir or filbert cuttings.

Since not all the genes

involved in hairy-root formation have been isolated, other unknown
growth-promoting substances that can affect rooting of cuttings might
also be produced by the agrobacteria.
Our results indicate that Agrobacterium rhizogenes could be used
as a rooting agent on some hard-to-propagate plants.

However, the

mechanism by which this organism enhances rooting of cuttings remains
unclear.

In an attempt to investigate what was referred to as

"agricultural benefits" of A^

rhizogenes. Strobel and Nachmias (1985)

treated bare-root stocks of almond trees with A^

rhizogenes.

They

concluded that Agrobacterium-treated trees initiated more new roots
and heavier shoot and leaf growth than controls.
et al.

Similarly, Strobel

(1987) observed that young bare-root olive trees treated with

A. rhizogenes 232 possessed a larger ratio of new to older root mass
and a greater total top dry weight after 60 days than those treated
with the autoclaved or the cured Agrobacterium strain.

After three

years of growth in the field, Agrobacterium-treated trees grew more
quickly and produced more flowers, fruits and oil than control trees.
Strobel's rationale for treating the roots of these plants with A^_
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rhizogenes was to promote earlier development of secondary roots
allowing better water uptake and growth.

Since Agrobacterium was

successfully isolated from the homogenized roots of transplanted
bacteria-treated filbert cuttings in this study, the extensive
hairy-root system seen on these cuttings could be caused by these
external agrobacteria which may induce earlier development of
secondary roots when compared to the root system of IBA- and
water-treated cuttings.

In Strobel's study (1987), the presence of

mannopine in root extracts of trees treated with A^ rhizogenes proved
genetic transformation to be the cause of root proliferation.
However, no data were provided.
of genetic transformation.
probe.

Our results indicate the possibility

Further testing is needed using a TL-DNA

Finally, regardless of the ambiguity of the mode of action of

Agrobacterium rhizogenes. the increased root proliferation caused by
this organism is a useful system for further study.
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