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2,3 5-Triiodobenzoic acid
Thin-layer chromatography

CHAPTER 1

GENERAL INTRODUCTION

PLANT GROWTH AND DIFFERENTIATION
The growth and development of plants
can be seen as the result of cell
divisions, cell enlargement and eel! differentiation (Salisbury and Ross 1985)
New cells are generally produced by
existing menstems, i.e the primary
menstems in root and shoot tips, and
secondary menstems in e.g leaf axils
Most cells formed by divisions in these
menstems will enlarge and obtain distinct shapes and functions In other
words, they differentiate
Plants distinguish themselves from animals amongst others by the fact that this
differentiation process is reversible
(Waremg 1982, Trewavas 1982) Many
differentiated cells can dedifferentiate
and divide again, thus giving rise to new
tissues and organs This process is
called regeneration In nature, regeneration of tissues may occur e g in
response to wounding This property
enables the regeneration of whole plants
from shoot or root sections, from leaves
isolated buds, bulb scales, from pollen or
even from single cells or protoplasts in
culture (Trewavas 1982)
A major physiological topic is how
growth and differentiation is being regu-

lated (Moore 1979) Differentiation and
development do not result solely from
quantitative changes in genome expression, but also require qualitative changes
Each developmental stage and each
type of tissue has its own specific
proteins (Osborne et al 1985) Regulation of development is necessary to
ensure that functional structures are formed, and to ensure that the development is related to the environment in
which the plants are living
Plant hormones are very important elements in the regulation of normal plant
growth and development (Moore 1979)
The hormones appear to regulate several
processes at the same time, while there
is interaction with several other hormones and other factors, e g supply of
water, anorganic salts, sugar or the
amount of light (Trewavas 1982) This
complexity makes it necessary to use a
good model system to study the role of
hormones in development In this thesis
the effects of one hormone, an auxin, on
regeneration of flower buds in an in vitro
system (Tran Thanh Van 1973a, b, Van
den Ende et al 1984a) is studied Before
discussing this system, the effects of
hormones are discussed in general, and
those of auxins in more detail
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PHYTOHORMONES
Phytohormones are generally defined as
chemicals which are produced and translocated within the plant and can induce
molecular biological, biochemical, physiological or morphological responses
(Went and Thimann 1937, Salisbury and
Ross 1985) Since almost any substance
can evoke a reaction if given at a very
high concentration, an important additional feature is that the effects are
induced at very low concentrations of
the hormones (Moore 1979, Leopold and
Nooden 1984)
Compared to animal systems, plants
appear to have only a few (classes of)
hormones Generally, five groups of plant
hormones are distinguished
auxins,
cytokmms, abscisms, gibberellms, and
ethylene Apart from these, several other
natural compounds, such as jasmomc
acid (Ueda and Kato 1980, Dathe et al
1981), have also been found to exhibit
hormonal functions (Leopold and IMooden 1984)
Each class of hormones appears to
regulate a number of different processes
(Waremg 1982, Leopold 1987) They are
produced in different plant tissues, and
exert their effects in many plant parts
Cytokimns, for instance, stimulate cell
divisions and affect shoot and root
growth, apical dominance, and senescence (Matthysse and Scott 1984) Ethylene influences abscission, apical
dominance, sex expression, flowering,
ripening, wilting and senescence (Abeles
1985) Abscisic acid influences dor8

mancy flowering abscission and stoma
tal closure Gibberellms have effects on
cell division and elongation dormancy
and flowering
Especially auxins and cytokmms are involved in the regulation of differentiation
and development This is particularly
clear in tissue culture, where single cells
and tissues can be induced to
regenerate organs or whole plants In
such artificial systems, the hormones
regulate processes both m a qualitative
and a quantitative fashion Examples of
qualitative regulation are the kinds of
organs formed roots, shoots or flowers,
or callus (Skoog and Miller 1957. Waremg
1982), and the polarity of the regeneration (Niedergang-Kamien and Skoog
1956, Van den Ende et al 1984b, Van
Aartrijk and Blom-Barnhoom 1984)
Quantitative hormonal effects are for
instance the number of organs that
regenerate, and the amount of cell
division or growth

AUXINS
Auxins have many effects on developmental processes For instance, they
stimulate cell division, influence shoot
and root growth, and control vascular
system differentiation (Bandurski and
Nonhebel 1984) For an extensive discussion of the history of discovery, the
reader is referred to the review of
Nakamura (1986) for a chemical view,
and to Thimann (1988) for the physiological aspects

There are only a few naturally occurring
auxins, of which indole-3-acetic acid
(IAA) is the most active (Maan 1985) In
addition, there are synthetic auxins· the
most common are 1-naphthaleneacetic
acid (IMAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) In tissue culture, these
chemicals have several advantages over
the natural auxin, (i) they can be easily
distinguished from the natural auxin IAA
(Fidgeon and Wilson 1987), (n) they are,
in contrast to natural IAA, not subject to
oxydation in the medium before being
taken up, and (in) they are not oxydized
in the tissue (Zenk 1962) These features
facilitate the determination of the concentration of the chemicals in the tissue
For these reasons, IMAA was chosen
instead of IAA for the studies conducted
Since synthetic substances do not exist
in nature (Nakamura 1986), some authors
prefer to call them plant growth regulators, rather than hormones However, as
Leopold and IMooden (1984) pointed out,
growth is only one of many aspects of
development which is regulated by hormones In this thesis the artificial chemicals are used as substitutes for the
naturally occurring ones, evoking the
same kinds of reactions Therefore, the
terms hormones and growth regulators
are regarded as interchangeable - which
is largely in keep with current literature
(Jones 1984)

HORMONES AND RECEPTORS
It is generally assumed that hormones
(H) exert their effect at the molecular
level by binding to a receptor (R), which
changes in conformation and thereby
induces a cascade of reactions, which
finally leads to a physiological effect (E)
(Van der Linde 1986) In short
H + R -> HR -> E
According to the receptor concept, cells
possess proteins which bind to hormones at physiological concentrations
Hormones may bind to one or more
receptors in one or several types of
cells The chain of reactions started the
binding of a hormone to its receptor may
include changed genome expression
(Zurfluh and Guilfoyle 1980) apart from
this, plant hormones may rapidly affect
other processes, such as membrane
polarity and calcium fluxes (Van der
Linde 1986)
Usually, tissues respond to plant hormone concentrations at several orders of
magnitude The concentration of hormone at which a maximum effect is
found may well be 100 or 1000 times the
concentration at which a minimum reaction can be seen From the equation, it
follows that the effect can be regulated
by the concentration of hormone (level
of H) or the sensitivity of the tissue
towards the hormonal response (level or
affinity of R)(Van der Linde et al 1986)
In theory, both systems could be active
The question which regulatory system,
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variation of hormone concentration or
variation of tissue sensitivity, is actually
being used in plants is, with respect to
auxins, still a matter of dispute (Cleland
1983, Trewavas 1983, Guern 1987)
Trewavas (1982, 1983, 1987) argues in
favour of the regulation i//a the level or
affinity of the receptor, ι e changes in
the sensitivity for hormones Cleland
(1983) and Vems (1985) argue that both
kinds of regulation could be acting, either
in different situations, or together
That such dual regulation is possible has
been shown for the effect of ethylene on
abscission Differences in the com
petence to recognize and respond to
ethylene have been observed frequently
in stalk tissue, as well as differences in
the concentration necessary to obtain a
maximum response The actual ethylene
levels have also been found to vary
largely during the growth of a plant
Ethylene effects were found to be
dependent on developmental stage and
kind of tissue (Osborne et al 1985,
Sexton et al 1985)
A determination of the way auxin regu
lates development in plants is not easy
In contrast to ethylene measurements,
which are assumed to reflect endogen
ous ethylene levels, measurements of
endogenous auxin concentrations are an
average value of levels in different tis
sues, and the reliability of the measure
ments is always susceptible for criticism
Sensitivity can be measured only in
directly, since the characterization of
receptors is still in its infancy (Guern
1987)
10

HORMONE CONCENTRATION
In tissue culture, the concentration of
hormone can be greatly influenced vta
the medium For a study of regulation of
developmental processes by the con
centration of hormone, we must be able
to measure the actual concentration of
active hormone in the tissue For a given
hormone, this concentration would be
the sum of endogenous synthesis,
release from conjugates and/or uptake
from outside, modified by transport
within the tissue and diminished by
breakdown and/or conjugation If these
factors are determined, the internal con
centration is known in the tissue as a
whole
A correllation between the hormone
concentration in the medium and that
inside the tissue can be expected in
short term processes, such as cell
elongation, or the curvature of coleoptiles brought about by such elongating
cells In these cases, the effect can be
measured within several minutes Dif
ferentiation and regeneration processes,
however, last much longer For example,
the regeneration of bulbs /n vitro may
take months (Van Aartrijk and BlomBarnhoorn 1984) For regeneration, the
presence of exogenous hormones
seems to be necessary for several days
or even weeks The relation between the
externally supplied concentration and the
level that is established in the excised
tissue is more complex If one wants to
assess the role of the concentration of
hormone, it will be necessary to deter-

mine the concentration in the tissue at
different moments during the culture
period
The relation between the internal con
centration and the extent of the effect
that is evoked can be modified by
interaction with other hormones In the
past, these interactions have been
described by indicating which combina
tion of hormones can induce a certain
effect. A famous example from tissue
culture is the interaction between auxin
and cytokmin in the induction of organs
in vitro a high auxin cytokmin ratio
induces predominantly roots, a very low
ratio induces shoots, while intermediate
ratios induce undifferentiated growth of
callus (Skoog and Miller 1957) This
interaction is still a topic of investigation
(e.g Heylen and Vendrig 1988) Howe
ver, since more than one factor is varied
at the same time, the theory limits the
assessment of the individual effect of
each of the hormones used If the effect
of a combination of hormones is con
sidered as build up from individual hor
mone actions, a fundamental approach
of hormonal action demands that we try
to ascribe certain effects to the change
in one hormone, while keeping other
factors constant This approach is fol
lowed in this thesis for the study of the
role of the auxin concentration in the
induction of regeneration

HORMONE SENSITIVITY
The effect of auxin can be modified by

changes in the sensitivity of the tissue
for the hormone. In general, the inter
action between hormone and receptor
can be characterised by the height of the
maximum response and the shape of the
curve In analogy with enzymatically
controlled reactions, the maximum res
ponse can be compared with Vroax The
shape of the curve can be characterized
by the concentration at which 50% of the
effect can be achieved, and this value
can be compared with Km In general,
only complete concentration-response
curves enable the determination of the
values for \/max and К™ of the hormonal
response (Salisbury et ai 1988)
Changes in sensitivity of the tissue
towards a hormone can be brought
about m several ways A decrease in the
affinity of the receptor would lead to a
shift of the concentration-response curve
towards higher hormone concentrations
(lower K,,, sensitivity) Changes in the
number of receptors may lead to a lower
regeneration at the optimum hormone
concentration (lower \/max sensitivity or,
in other words, a lower competence for
regeneration)(Guern 1987) If there are
indications that the sensitivity to a hor
mone might be changed, the whole
range of hormone concentrations that
exert effects should be investigated,
from suboptimal to supraoptimal con
centrations in order to establish the
nature of these change(s) in sensitivity
(Salisbury et al 1988)
Differences in sensitivity can be expec
ted between different tissues within the
plant, or at different stages during deve-

lopment (e g

Wernicke and Milkovits

1987) Alternatively differences may be
induced as a result of certain treatments
such as excision of the tissue from the
plant, or ageing of excised tissue
Recently ¡t has been found that cells
transformed with the T-DNA from the
bacterium Agrobactenum rh/zogenes do
not have a higher production of the
phytohormones auxin and cytokmtn, but
probably a higher sensitivity towards
auxin (Shen et al 1988 Spano et al
1988) This should be checked further but
it indicates that a comparison of normal
and transformed tissue may produce
very valuable results It is also promising
to use transformed tissue in a study of
treatments which may affect sensitivity
in normal tissue

DIFFERENTIATION IN TISSUE CULTURE
Experiments with respect to hormone
concentration and sensitivity as suggested above are difficult to perform in
tissues of the intact plant In tissue
culture it is much easier to maintain
different hormone concentrations and to
look at the effects This is the reason that
much fundamental research is carried out
with tissue culture systems Much applied
research is also carried out for economical reasons Many crops and ornamentals are propagated by means of tissue
culture, and research efforts are made to
assure the most optimal conditions
Processes of growth and differentiation
normally proceed ¡n organized groups of
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cells in a relatively small part of the
plant In tissue culture the processes can
be made to occur on a large scale in
small parts of cultured tissue e g organ
fragments Also the synchromcity of the
processes can be improved Finally this
can be achieved in tissue that is no
longer subject to known and unknown
regulatory factors from other parts of the
plant (Torrey 1966)
Regeneration in tissue culture thus can
serve as a model system for growth and
differentiation and knowledge obtained
in tissue culture can be extrapolated to
the situation in the whole plant However this should be done with care since
the situation in tissue culture is not
necessarily comparable to that in the
intact plant
One complication is that expiants are
often exclusively composed of differentiated cells e g stem or leaf expiants In
such cases, the tissue and organ formation starts with dedifferentiation of cells
Both the typical shape and functions of
the cells and the organisation of the
tissue are lost when the cells start to
divide Subsequently the new-formed
cells differentiate into new cell types
forming new tissues and organs (Bhojwam and Razdan 1983) The dedifferentiation step makes that adventitious
organ formation in such expiants may
not be comparable in all aspects to
organ formation via differentiation of
cells produced by existing menstems
such as those in the shoot and root tip
(Torrey 1966) It is, probably much more
like adventitious root or shoot formation

m vivo where organs develop also from
differentiated cells and not from existing
menstems
Moreover, cells in the plant may never
be exposed to such large changes in
hormone concentration as are used to
evoke effects in cells cultured in vitro
Therefore, it should be considered carefully to what extent tissue in the intact
plant is exposed to the same conditions
or to the same concentrations of regulating factors, as during in vitro culture

The explants offer a number of advantages with regard to the study of hormonal control of a differentiation process
like flower bud formation
- The organ differentiation proceeds
very fast Initiation of the regeneration
is determined within a few days, and
flowers formation is completed after
14 days

THIN-LAYER EXPLANTS FROM

- Large numbers of organs can be
induced per explant A maximum number of up to 50 flower pnmordia has
been reported (Tran Thanh Van & Trmh
1986)

TOBACCO PEDICELS

- Many cells of the expiant are involved
in bud formation

Thin-layer expiants from tobacco pedicels were used as the model system to
study hormonal effects on differentiation
The system was originally described by
Tran Thanh Van (1973a b) as a modification of the tobacco stem segment
culture (Chouard and Aghion 1961,
Aghion-Pratt 1965, Warded and Skoog
1969a b, Hillson and LaMotte 1977)
The expiants, 8 by 1 mm, are superficially
cut from organs of the plant They
consist only of differentiated cells (epidermal with or without two to six layers
of subjacent, cortical layers) (Tran Thanh
Van 1973a, b, 1981, Tran Thanh Van et al
1984a) In general all sorts of morphogenetic patterns can be obtained roots,
shoots, flowers and callus (Tran Thanh
Van and Trmh 1986) When tissues are
taken from flower stalks, the expiants
produce exclusively generative buds
(Van den Ende et al 1984a, b)

- The cells of the expiant are more
homogeneous than in organ fragments
like leaf discs or intact plants There
are only two cell types present (Hicks
1980), which are mainly at the G2
stage (Tran Thanh Van & Trtnh 1986)
- The regeneration proceeds without an
intermediate callus stage Such stage
is undesirable because it would be
very difficult to measure events in a
menstemoid population of cells buried
in a callus mass, both because of the
small proportion of (potentially)
organogenic cells to the total callus
mass, and because of the lack of
synchrony (Hicks 1980)
- The explanted tissue is very well
accessable to exogenously applied
agents
Hicks (1980) argued that in thin-layer
13

explants the meristems are formed not
as synchronously as in e g , cell suspensions, nor at exactly predictable sites
However recent morphological studies
(Van den Ende et al 1984b Wilms and
Sassen 1987) have indicated that the
regeneration is rather homogenous,
since the division centers which will form
the buds are formed within a few days
Notwithstanding this, the synchromcity of
the regeneration will be taken into
account in this study
Hicks (1980) also objected that the
expiants become more complex in vitro
This objection is only partly justified
Development of new structures is an
indissoluble result of differentiation and
occurs always when differentiation processes are taking place A rise in complexity is only a problem if it concerns
processes that have nothing to do with
the organ differentiation under study In
the thin-layer expiants, the only other
process that takes place and that can
induce a higher complexity by itself is the
wound reaction It takes place at the cut
surface of the expiants, and gives rise to
cell divisions (Van den Ende et al 1984b)
and suberin formation (Wilms, in prep )

TOPICS UNDER INVESTIGATION
In the first part of the thesis, the mam
issue is how the concentration of auxin
in the tissue is being established and
how this concentration is regulating the
amount and the position of the flower
buds formed
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In Chapter 2 characteristics of the
uptake of NAA from the medium are
described The kinetics of this uptake are
related to the extend of floral bud
regeneration
Chapter 3 deals with polar transport of
NAA within the expiants The transport
leads to a higher concentration of NAA
at the basal edge compared to the rest
of the expiant, and causes an uneven
distribution of buds over the expiant In
general, two concentration response
curves are obtained
In Chapter 4, data about the metabolism
of NAA in the expiants are presented
NAA was conjugated at a high rate
However interconversion between NAA
and conjugates takes place leading to
the conclusion that always a constant
fraction of the total amount of NAA
taken up remames present as free hormone
In Chapter 5 it is shown that the free
hormone fraction determines the internal
concentration of NAA As a result the
concentration of NAA in the tissue
depends on the total amount of NAA
taken up, and not on the concentration in
the medium The required amount for
flower bud formation can be taken up
over a period of several days However
the same extent of regeneration is
obtained when higher NAA concentrations are applied during shorter
periods or even very high NAA concentrations for only a few hours
In the second part of the thesis changes
in tissue sensitivity to applied auxin are
investigated

Chapter 6 shows that excised expiants
apparently become less sensitive to
auxin after prolonged incubation without
auxin This effect is partly due to modified NAA uptake and metabolism, and
partly to reduced competence for bud
regeneration
Chapter 7 and 8 describe the interaction
of auxin and ethylene during flower bud
regeneration In Chapter 7, auxm-mduced ethylene production is determined. Ethylene enhances early bud
formation and decreases final regeneration In Chapter 8. the latter decrease is
examined and found to consist of two
components ethylene increases the
IMAA concentration necessary for optimal

regeneration, and decreases the maximum bud number obtained at this optimum concentration. Also during normal
tissue culture, effects from endogenously
produced ethylene are visible in the
concentration-response curve for NAA
Chapter 9 concerns the difference in
sensitivity towards auxin between normal tobacco expiants and those from
tobacco plants transformed with Agrobacterium rh/zogenes The expiants from
transformed plants show a higher flower
bud regeneration at low NAA concentrations This is due to an inhibition of the
ethylene-mduced decrease in the sensitivity for auxin
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CHAPTER 2

Uptake of auxin in relation to flower bud formation
in tobacco expiants
ABSTRACT
The auxin 1-naphthaleneacetic
acid
(NAA) induces flower bud formation in
tobacco expiants at concentrations bet
ween 0.1 and 10 / Ш . This regeneration
process is completed in 14 days The
presence of NAA in the medium is
required only during the first four days of
culture. In this period, the expiants take
up NAA at a very high rate, which is
proportional to the concentration in the
medium Due to the high uptake from a
limited volume, the external concent
ration diminishes and, as a consequence,
the uptake rate declines rapidly A nega
tive correlation was found between
medium volume and the NAA concent
ration optimal for bud formation. It is
concluded that it is not the concentration
but the dose of hormone taken up during
the induction period which is decisive for
the number of flower buds formed.

auxin concentration and the develop
mental process in tissues in vitro is often
more speculative than factual (Dunlap et
al 1986)
The extent of the hormone effect could
either depend on the hormone concent
ration in the medium or on the dose
accumulated by the tissue over a certain
period of time (Johnson and Bonner
1956)

To discriminate between

these

possibilities one should determine the
stage at which the developmental pro
cess under consideration is initiated and
the period during which the presence of
the exogenous hormone is required

A

rather synchronous organ regeneration
and development in vitro\% a prerequisite
for such a study.
In contrast to many long-lasting organ
regeneration processes (Van Aartrijk and
Biom-Barnhoorn

INTRODUCTION

1983;

Aghion-Pratt

1965, Hillson and Lamette 1977), flower
bud formation on epidermal strips of

Auxins are widely used in tissue culture

tobacco

(Tran Thanh Van

1973b)

is

Morphogenetic responses in tissue cul

completed in two weeks and follows

ture are often attributed to the type of

several well-defined stages (Van

auxin used and the concentration of

Ende et al. 1984a, Wilms and Sassen

den

auxin in the medium at the onset of

1987). The system is, therefore, suited to

culture. However, endogenous and exo

determine whether the actual initiation of

genous phytohormone levels have rarely

morphogenesis is restricted to a defined,

been determined during the course of

short period after the onset of culture.

culture. Therefore, the relation between

Uptake should then be only considered
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sterilised in 2 5% sodium hypochlorite
Superficial sections, 8 by 1 mm were
explanted on MS medium (Murashige
and Skoog 1962), supplemented with 1%
agar, 125 mM glucose. ΐμΜ BAP -unless
indicated otherwise- and NAA as indica
ted Expiants were always cultured in
groups of 10 explants on a nylon mesh
(width 180 m) on 25 ml medium -unless
indicated otherwise- in a 90 mm plastic
Petri dish

in this particular period
The purpose of this investigation was to
gather evidence for either of the two
alternatives, concentration or dose, as a
decisive factor for flower bud formation
in the in vitro culture of tobacco expiants
(Van den Ende et al 1984a) The synthe
tic auxin NAA induces the formation of
high numbers of fiower buds in this
culture system (Van den Ende et ai
1984a) NAA is used because of its
extremely low destruction rate (Zenk
1962)

F/owerbuds
The number of buds was scored after
different periods of culture The results
were recalculated by the logarithmic
transformation ln(numbcr of buds + 2)
(Van den Ende et al 1984a) and the
transformed values were entered in tne
figures
Least significant differences
(LSD) at ρ = 0 05 are presented as a
vertical bar

MATERIALS AND METHODS
T/ssue culture
Plants of Nicotiana tabacum L cv Samsun were raised from seeds in the
glasshouse according to Van den Ende
et al (1984a) The procedure for cultunng
epidermal strips from flower stalks of
tobacco was described by Van den Ende
et al 1984a Flower buds with the
pedicels attached were harvested at
anthesis The pedicels were surface-

0'—Ι
Ο 015

01.5

Hormone uptake
For uptake experiments, expiants were
cultured on medium with non-labeled
NAA and minimally 37 kBq PHJ-NAA
(approximately 185 GBqmmoM. custom
synthesised by Amersham, UK) After the
incubation, the expiants were thoroughly
rinsed, collected in groups of 5, and

1
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Figure 1 Effect of NAA on flowei bud development Expiants were cultured on a range of
concentrations of NAA and ΐμΜ BAP Flower buds were scored aftei 8 (Δ), i l (y) 14 (o) and ι / (x) d
of culture 20 expiants per treatment Bar = LSD
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either dissolved in 0 5 ml Lumasolve
(Lumac) overnight at 40 0 C, or incubated
without the addition of labelled NAA
before being dissolved in Lumasolve
(chase-experrment)
Afterwards, 4 ml
Lipoluma (Lumac) was added and
radioactivity was determined in a Philips
PW 4540 liquid scintillation analyser
Radioactivity in the agar was measured
by adding 4 ml Lumagel (Lumac) to a
sample of the agar, followed by liquid
scintillation counting The results were
corrected for quenching and expressed
in moles NAA

Callus was formed at concentrations
higher than 1 μΜ NAA, which resulted in
a drastic increase of the biomass (Fig
2) The fresh weight of the expiants after
14 d at low NAA concentrations correla
ted well with the number of flower buds
formed At 1
μΜ NAA and higher
concentrations however, there was no
correlation between the two curves The
fresh weight of the expiants cultured at
high concentrations of NAA was, there
fore an indication of the amount of
callus and not related to the number of
buds

RESULTS

In order to determine at which stage
exogenous NAA is required, expiants
were transferred from a bud inducing
medium (1 μΜ NAA) to a non-inducing
medium (0 045 μΜ NAA) (Fig 3) The
results show clearly that for bud forma
tion the presence of NAA was necessary
only during the first four days of culture

The concentration range in which NAA
could induce flower bud formation, was
determined at a BAP concentration of 1
/¿M(\/an den Ende et al I984a) NAA
concentrations from 0 1 μΜ to 10 μΜ
lead to flower bud development (Fig 1)
Maximal number of buds was obtained
between 0 45 and 2 2 μΜ NAA The first
buds appeared after 8 d whereas almost
all the buds formed were visible after 11
d This means that bud formation was a
synchronous process at all NAA con
centrations used
Higher concentrations of BAP led to
more flower buds formed at all NAA
concentrations As a result the concent
ration versus response curve for NAA
had the same shape at all BAP
concentrations Since the highest cytokmin concentrations induced the forma
tion of less organized buds (not shown),
1
μΜ of BAP was chosen as the
optimum concentration
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Figure 2 Effect of NAA on the fresh weight of
the explants Explants were cultured on a range
of NAA concentrations After 14 days the fresh
weight of the expiants was determtned Each
value is the mean of 20 expiant? + SEM

21

e

i

il

ID

н

Figure 3 Induction of the flower buds Exolants
were cultured on ι μΜ NAA and transferred to
0 045 M after 2, 4 and 7 days of culture Flower
buds were scored after 8 (Δι, 10 (ν), 14 (о) and
18 ( π ) days of culture The most right-hand
point on each line is the non-transferred control
Bar = LSD 10-20 expiants per treatment
Control transfer from 0 045 μΜ to 0 045 μΜ,
which gave no buds at all, is not shown
SON
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Figure 4 Uptake of NAA as a function of the
concentration Expiants were cultured on a
range of NAA concentrations with 37 kBq
[3H]-NAA After 24 hours, radioactivity was
determined and uptake was calculated Each
value is the mean of 4 samples of 5 expiants
SEM
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During this period, bud formation depen
ded strongly on the external concent
ration of NAA over a wide range of
concentrations This suggests that the
uptake of NAA was governed for the
mam part by the external NAA concent
ration To verify this, uptake was mea
sured at a range of NAA concentrations
after 6, 24 and 48 h of culture Linear
relationships were found between con
centration m the medium and the amount
of NAA taken up by the expiants, over
the whole range of concentrations tes
ted In Fig 4, this relationship is presen
ted for a 24-h culture period, but aftei 6
and 48 h similar linearities were found
Notice that no saturation of uptake ts
found up to 10 μΜ The high uptake rate
led to an accumulation of hormone per
unit fresh weight within one day which
was 15-20 fold higher than the concent
ration present щ the medium at the start
of the culture
When uptake was measured during the
first seven days of culture, it was found
that the uptake rate decreased every
subsequent day (Fig 5) The fresh weight
of the expiants increased from the third d
on and, as a consequence the total
amount of NAA taken up per unit fresh
weight dropped considerably after 3 to 4
d The fact that the uptake rate declines
could, among others, be the result of a
leakage of the hormone from the
expiants back into the medium Alterna
tively, it may have resulted from a drop
in concentration in the medium caused
by the high uptake, which for the first 24
h is approximately 15% of the total

content of IMAA initially present m the
medium The first possibility was tested
in a pulse-chase experiment in which
expiants were given a pulse of labelled
NAA and then transferred to medium
with unlabelled NAA No leakage into the
medium was found (Table 1)
The possible effect of the decline in
hormone concentration in the medium
on uptake was estimated m expiants
which were transferred daily to fresh
medium containing the initial concen
tration of NAA Under these conditions,
the uptake rate is significantly higher
from the second day of culture onwards
as compared to continuous incubation
(Table 2)
If depletion really plays a role the
amount of medium should influence the
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uptake rate Indeed, when expiants were
cultured on 10 and 25 ml of medium, the
uptake by the expiants was lower on the
smaller volume (Table 3) This points to
the possibility that flower bud formation
depends on the volume of the agar
medium In order to determine this
groups of 10 expiants were cultured on
three different volumes (25, 10 and 5 nrH)
of medium at a range of NAA concent
rations At the end of the 4-d induction
period, the expiants were transferred to
25 ml medium without NAA The result
ing concentration versus response
curves (Fig 6) were shifted relative to
each other in such a way that the lower
the amount of medium the higher the
concentration of NAA required in the
medium in order to obtain the maximum
number of buds on 25 ml between 0 45
and 2 2 μΜ was required, on 10 ml
between 1 and 4 5 μΜ and on 5 ml
between 10 and 22μΙ\/1
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Figure 5 Uptake of NAA in time Expiants were
cultmed on medium with 0 ΐ μ Μ NAA and 148 (2
h) 72 (6 h) or 37 (24 h and longer) kBq
t3H]-NAA After culture the expiants were weig
hed in groups of five, and radioactivity was
determined Each value is the mean of 4
samples of 5 explants Siandard errors of the
mean are indicated as a bar when larger than
the symbol

TABLE 1 Release of NAA into the medium
Expiants wei e cultured on medium with 1 μ M
unlabeled NAA and 37 kBq [3H]-NAA for 24 h
subsequently rinsed and cultured for different
periods of time on medium containing non
labeled NAA Heieaftei radioactivity was deter
mined Each value is the mean of 4 samples of 5
expiants i SEM or 2 samples of 5 mg from the
agar under the expiants
Chase
(h)

pmol N M
in the expiant

pmol NAA
in the medium

0
2
6
24

357 4
3486
369 1
345 5

0 0
0 0
0 0

± 17 3
ì 68
t 27 0
±15 9
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DISCUSSION

response at lower volume of the medium
(Fig 6) It is not the total volume of the
The synthetic auxin NAA regulates floral medium which would be expected to be
bud formation in thin-layer expiants of decisive, but the volume immediately
tobacco At all BAP concentrations, the under the expiants which determines the
auxin was found to be effective in the diffusion of hormone towards the
range from о 1 to 10 / Ш (Fig i). The expiants This volume can be envisaged
rather synchronous development of the as a hemisphere in a thick agar layer,
flower buds enables us to define two which approaches a disc when the layer
physiologically distinct stages (Fig 3). becomes thinner. Therefore, it is not
The formation of buds is initiated during surprising that when the medium volume
a 4-d period at a high NAA concent is decreased by more than 50%, the
ration The subsequent outgrowth of the optimal medium concentration of NAA is
buds takes another 8-10 d and is not about five times as high (Fig 6) It can
dependent on an exogenous auxin sup be concluded that the dose accumulated
ply This holds for ΐμ,Μ NAA. but the during the induction period is decisive for
induction period is probably the same at the extent of the developmental process
all NAA levels, since the time course of For a long time it has been difficult to
bud appearance was not affected by see how, in a short period, the relation
varying the NAA concentration (not between external auxin and physiologishown)
cal response inside the tissue could
The amount of NAA taken up during the manifest itself as a dose rather than as a
bud initiation period can be varied by concentration effect (Johnson and Bonchanging the amount of medium (Table ner 1956) However, uptake of auxin has
3) This leads to a reduced physiological since been shown to proceed at a very
TABLE 2 Uptake of NAA on daily renewed
medium Expiants were cultured 0-3 times for 24
h on 1μ,Μ NAA and then transferred to the same
concentration with 37 kBq PH]-NAA After 24 h,
radioactivity was determined and uptake was
calculated Each value is the mean of 4 samples
of 5 expiants! SEM
Period on
Uptake
radioactive (pmol expiant-'}
NAA
(h)
0-24
24-48
48-72
72-96

24

34? i
331 ±
433 ±
474 i

Ï4
13
28
36

TABLE 3 Uptake of NAA from different volumes
Groups of 10 expiants were cultured on 10 or 25
ml agar medium with 1 / Ш NAA and 37 kBq
[3H]-NAA for 96 h Other groups were transfer
red daily to new medium After 96 h the
radioactivity was determined Each value is the
mean of 4 samples of 5 explants * SEM

Volume of Incubation
the medium (4 d)

Uptake
(pmol expiant-')

10 ml
25 ml
25 ml

802 t 49
1145 t 86
1580 i 47

continuously
continuously
daily refreshed

high rate, as chemiosmotic diffusion of
the protonated IAA (Rubery and Shel
drake 1973) and as carrier-mediated
uptake by a IAA/proton symport (Gold
smith and Goldsmith 1981) Uptake of
NAA proceeds via the same mechan
isms This solves the dilemma, at least
for our system, because NAA is taken up
at a very high rate (Fig 4)
A correlation between the physiological
response and the dose of hormone
taken up was also found by Bialek et al
(1983) and Leguay and Guern (1977) On
the contrary, Andreae (1967) and
Andreae and Collet (1968) concluded
that the external concentration was the
determining factor in the response, but
only under the condition that this exter
nal concentration would be kept stable
by renewing the medium every hour In
the light of our results, this must have
lead to a linear relationship between
external concentration and dose taken
up Therefore, the data of Andreae and
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Collet are not at variance with a depen
dency of the response on the accumula
ted dose
The progressive decline in the NAA
uptake rate upon prolonged culture could
in principle be attributed either to a drop
m the medium concentration or to an
increase of the hormone level in the
expiants Several lines of evidence are in
favour of the first possibility Measure
ment of uptake on daily refreshed
medium in our system (Tablo 2) showed
an even increasing uptake This suggests
that the expiant, as a result of its growth,
becomes a larger sink every successive
day The absence of leakage to the
medium (Table 1) argues against a high
NAA concentration inside the expiants
The discrepancy between uptake during
continuous culture and uptake on replen
ished medium is therefore, most pro
bably caused by depletion of the medium
beneath the expiants during continuous
uptake This depletion could be found
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Figure 6 Effect of the amount of medium Expiants were cultured on either 25 ( · ) 10 (o) or 5 ml (Δ)
medium in a range of concentrations of NAA After four days they were transferred to 25 ml medium
without NAA After 14 days, flower buds were scored Bar = LSD Each value is the mean of 20
expiants

25

after 4 d of continuous culture of io
explants on 25 ml, the overall concentration of NAA in the medium had dropped 49%, but beneath the expiants by
68%

remains in the form of the free acid
(Barendse et al 1987) More detailed
investigations showed that even more
than 95% was being metabolised (see
chapter 4)

The gradient between medium and tissue concentration, necessary for the
maintenance of a high uptake rate,
probably stays intact because the NAA
inside the cells is metabolized at a high
rate (Zenk 1962) In tobacco expiants,
preliminary experiments revealed that
less than 10% of the NAA taken up

From the results presented here, it is
clear that concentration versus response
curves can only be used under strictly
defined conditions As a consequence,
conclusions on 'optimal' concentrations
are only meaningful if volume of the
medium and the number of expiants are
specified

CHAPTER 3

Polar transport of 1-naphthaleneacetic acid
determines the distribution of flower buds on
expiants of tobacco

ABSTRACT
Upon addition of 1-naphthaleneacetic
acid (1-NAA) and benzylaminopunne
(BAP), flower buds developed on
expiants from flower stalks of Nicot/ana
taùacum L cv Samsun cultured in vitro
At low concentrations of 1-IMAA, buds
emerged mainly at the basal edge,
whereas at high concentrations they
developed on the remaining surface The
optimum concentrations for the two
groups of buds were 0 45 jU,M and
2 2 jllM. respectively, and the shapes of
the concentration vs response curves
were similar The level of BAP in the
medium affected neither the shape nor
the optimum concentration of these
curves The distribution of the buds over
the expiants was shown to be caused by
polar auxin transport, leading to accumulation at the basal side First, in the
presence of the inhibitors 2,3,5-triiodobenzoic acid and 1-naphthylphthalamic
acid, both groups of buds had the same
optimum concentration of 1 /¿M i-NAA
Second, after 6 hours of culture applied
1-NAA had accumulated in the basal part
of the expiant In the presence of
1-naphthylphthalamic acid, no transport
or accumulation of applied 1-NAA occurred

INTRODUCTION
Polar transport of auxin is involved in
diverse processes such as elongation,
tropism, apica! dominance cambiai divi
sion and differentiation (Goldsmith
1977) With regard to the effect of auxin
on in i/itro growth and differentiation
occurring in a polar fashion, most
research is focussed on the formation of
phloem and xylem Basal growth of
callus is known since the work of
Niedergang-Kamien and Skoog (1956)
with tobacco pith cylinders and segments Basal regeneration of buds has
been observed in leaf expiants of Cen
taureum erythraea'(Baresova et al 1985)
leaf explants of CrassuJa argentea
(Paterson 1983a, b), hypocotyl cuttings
from Vigna radiata seedlings (Batten and
Goodwin 1981) bulb scale expiants of
L//ium speciosum (Van Aartrijk and
Blom-Barnhoorn 1984) and excised superficial tissue of /Vicotiana tabacum
(Van den Ende et al 1984a)
Such uneven development indicates
polar auxin transport However, with the
exception of the superficial tobacco tis-
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sue the explants mentioned above
represent complex systems comprising
epidermis cortex and vascular tissue
Transport of auxin through the vascular
bundles may result in asymmetric mor
phogenesis (Paterson 1983b) Thin strips
from tobacco pedicles composed of
only epidermis and cortex (Tran Thanh
Van 1973 Van den Ende et al 1984b)
are therefore more suited for a study of
the role of auxin transport on morpho
genesis In general polar transport of
auxin is assumed to occur through the
action of an auxin transport carrier which
is located at the basal end of parenchymous cells (Jacobs and Gilbert 1983)
Polar auxin transport is blocked by a
number of inhibitors Two well-known
inhibitors are TIBA and NPA Both act
non-competetively (Depta and Rubery
1984) ι e they bind to the transport
carrier but not at the auxin site TIBA
itself is basipetally transported whereas
NPA is not (Thomson et al 1973)
Polar transport of auxin results in an
uneven distribution of buds on expiants if
the transport leads to an accumulation of
auxin in the basal part Transport through
tissue segments has been measured
many times using donor and receiver
agar blocks which are put against the
tissue (see the review of Goldsmith
(1977) and the references therein) Un
equal accumulation of auxin in tissue is
rarely measured An exception is the
report of IAA accumulation in Pinus
lamoertiana embryos by Greenwood and
Goldsmith (1970) To our knowledge this
is the first report in which auxin transport
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ana accumulation are determined in rela
tion to asymmetric bud formation
Tobacco floral stalk expiants were used
for these experiments Flower buds were
formed either at the basal edge or
spread over the whole surface depen
dent on the concentration of еход пously supplied 1 NAA (Van den Ende et
al 1984a Wilms and Sassen 1987)

MATERIALS AND METHODS
Plant and tissue culture
Plants of Nicotiana tabacum L cv Samsun were raised in the greenhouse
according to Van den Ende et a/
(1984a) Pedicel expiants were cultured
as descibed before (Chapter 2)
At low concentrations of 1-NAA the
buds developed on the epidermis at the
basal edge ι e the edge which in the
original position on the mother plant was
most proximal to the mam stem Buds
on this edge have been defined as basal
buds At higher concentrations buds
were also formed on the remaining
surface of the expiant These have been
defined as spread or scattered buds Bud
numbers were scored separately for
basal and scattered buds Data were
transformed and evaluated as descnbed
before (Chapter 2)
Chemicals and radiochemicals
NPA was synthesized according to
Thomson et al (1973) 2-[3H]NAA (spe
cific activity 651 GBq mmol 1) and 1
pHJNAA were purchased from Amersham The 1-[3H]NAA was custom syn
thesized and purified by two TLC-systems (chloroform acetic acid water
75 20 5 and ethylacetate chloroform for
mie acid 55 35 10) The specific activity
was approximately 185 GBq mmol ' at a

purity of 98% as checked by HPLC
separation (Smulders et al 1987)
Radioactive determinations
In general, radioactive determinations
were carried out as described in the
previous chapter
In the transport experiment, groups of 40
expiants were incubated on 25 ml culture
medium without l-NAA m a 9 cm
Petri-dish They were lying on the
medium. but placed with their basal or
apical end against a block of 5 ml
medium containing the labeled and nonlabeled 1- or 2-IMAA This block had
been prepared before in a small 5 cm
Petri dish, and was placed in the incuba
tion dish on a plastic disc of the same
diameter to prevent leakage of the
1-NAA into the supporting medium
Where NPA was used, it was present
both in the block and in the supporting
medium
In the experiments in which transport or
accumulation was measured, the distri
bution in the expiant was determined by
cutting the expiants before radioactivity
determination in 6 slices of ι mm width
with a Mickle gel sheer These results are
presented as a percentage of the total
amount of radioactivity taken up by the
expiant

number of these spread buds reached a
maximum at 2 2 μΜ 1-NAA At this
concentration, only few buds developed
on the basal edge and callus was
formed At 4 δμΜ, scattered bud forma
tion also declined and callus was for
med At 10 μΜ only friable callus
developed Clearly, both the final number
of buds and their distribution over the
surface of the expiant depended on the
1-NAA concentration
In order to examine the role of cytokimn
in the distribution of buds, the BAP
concentration was varied between 0 22
and 10 μ M in the presence of 1 μ M
1-NAA Both basal and scattered bud
numbers proportionally increased with
increasing BAP concentrations (data not
shown) Thus it was clear that the BAP
concentration had no effect on polarity in

E
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RESULTS
Position of the flower buds
Expiants were cultured on a range of
auxin concentrations At 0 045 and 0 1μΜ
1~NAA the tissues stayed alive without
any development (Fig 1) At 0.22 μΜ, the
buds that regenerated were strictly con
fined to the basal edge Basal bud
formation was maximal at 0 45 μΜ At
this and higher concentrations buds also
developed on the rest of the surface The
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Figuie 1 Effect of increasing concentrations of
1-NAA on basal (·) and scatteiod (o) bud
formation determined after 14 days of culture
Foi each treatment 20-30 expiants were used
LSD (vertical bar) does not apply to total number
of buds (*)
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our system
Effect ofA/AA transport inhibitors on büü
formât/on
Minimal, optimal and maximal auxin concentrations are lower for basal than for
spread buds (Fig 1) Transport of l-IMAA
in a basal direction, leading to uneven
distribution of 1-NAA, could be responsible for this phenomenon If so. an
interruption of the longitudinal auxin
transport would lead to an even distribution of buds at all 1 -IMAA concentrations
To test this hypothesis, expiants were
grown m the presence of an auxin
transport inhibitor, TIBA or NPA. When
TIBA was added to media containing
0 45/M 1-NAA, an inhibitor concentration
of 1 ]iM led to a significant decrease in
the number of basal buds and a pronounced increase in the number of
scattered buds (Fig 2) The total bud

number was not affected This shows
that TIBA at this concentration strongly
reduced the asymmetry of bud formation
without interfering with the extent of bud
development
In the next experiment, expiants were
grown on a range of 1-NAA concentrations in the presence of 1 μΜ TIBA
(Fig 3) The results show that both types
of buds are formed over a wider range of
1-NAA concentrations than m the
absence of TIBA As a consequence, the
concentration vs effect curve for the
basal buds is broadened and flattened
(compare Figs, ι and 3). The sharp peak
m the curve for the scattered buds is
unexpected and cannot be easely
explained
NPA also proved to be effective at a
concentration of 1 μΜ It completely
abolishes the uneven bud distribution

J La-C,—-?
ODU 01

Figure 2 Effect of increasing concentrations of
TIBA on bud formation at 0 45/iM 1-NAA 10
expiants per treatment, other legends as in Fig
1
30
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Figure 3 Effect of TIBA (1 μΜ) on flower bud
formation m expiants cultured on a range of
1-NAA concentrations 10 expiants per treat
ment, other legends as in Fig 1

observed in ¡ts absence (Fig. 4) Basal
and scattered buds are now formed over
a wide range of 1-NAA concentrations,
the scattored buds always being moro
abundant than the basal ones. NPA,
therefore, had a larger effect on bud
distribution than TIBA (compare Figs, 3
and 4)
Uptake of /-A/AA
Since auxin transport inhibitors are
known to stimulate auxin uptake, presumably by inhibiting efflux from the cells
(Sussman and Goldsmith 1981), and
changes in the uptake can influence the
physiological response to 1-NAA (Chapter 2 Smulders et al 1988a). uptake was
measured in the presence and absence
of ΐ μ Μ NPA at several effective 1-NAA
concentrations The results (Table 1)
show that the uptake in the presence of
NPA was not higher than without NPA.
but in fact, as tested by analysis of
variance, slightly lower after 48 hours (p
<0 05).
Transport of /-A/AA
If longitudinal transport of 1-I\IAA was to
lead to an unequal distribution of the
flower buds over the expiant, this should
be manifest during the inductive period.
ι e. during the first four days of culture
(Chapter 2, Smulders et al 1988a) and
maybe already during the first day
Therefore, the translocation of 1-NAA
was measured in expiants which were
fed radioactive 1-NAA either at the basal
or at the apical end for 24 h. At the end
of the labeling period, the expiants were
sliced and radioactivity was determined

in the individual sections (Fig 5)
In nearly all experimental set-ups, in
cluding both 1-NAA and 2-NAA with or
without NPA, the distribution of label
found after application at one end was
nearly linear when the logarithm of the
counts was plotted i/s section number,
as expected for diffusion. The only
exception observed was 1-NAA, which,
when apically applicateti, had moved to
sections more distal to the application
site in significantly higher amounts than
upon basal application This difference
disappeared in the presence of NPA. and
was also not found for 2-NAA
Accumulation of t NAA
To see whether the transport indeed
leads to accumulation of 1-NAA when
the hormone is applied over the whole
length of the expiant, radioactivity was
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Figure 4 Effect of NPA (1 /Ш) on flower bud
foimation tn expiants cultuied on a range of NAA
concentrations 20-30 expiants per treatment,
other legends as in Fig 1
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measured in different parts of the expiant
after 6 and 24 h of culture in the
presence of 1- or 2-[ 3 H]NAA (Fig 6) It
should be noted that in ah treatments the
most apical part contained less radioac
tivity than the rest of the expiant The
reason for this is that the original expiant
is cut starting from the basal side and
that the scalpel leaves the pedicel at the
apical end Therefore the apical end is
thinner and will consist of fewer cell
layers Consequently, 1-NAA uptake will
be lower because of the smaller sink
size We accounted for this difference in
mass by using the analogue 2-NAA,
which was taken up by the tissue in
exactly the same amount (results not
shown), but is not subject to polar
transport (Hertel et al 1969) It is seen in
Fig 6 that, indeed the apical part always
contains 5-10 per cent less radioactivity
than the other parts The most compel
ling evidence, therefore comes from a
comparison of the basal and the middle
portions After 6 h 1-NAA had accumula

ted in the basal parts of the expiant In
the presence of NPA this accumulation
was almost completely inhibited 2-NAA
was not accumulated and its distribution
was not affected by NPA The uneven
accumulation of 1-NAA in the absence of
NPA is not a very transient phenomenon
but persists for at least 24 h (Fig 6)

DISCUSSION
The flower buds that develop on tobacco
expiants in the range from 0 1 to 10 μ Μ
1-NAA (Chapter 2, Smulders et al 1988a)
can be divided into two groups, the buds
at the basal edge and those scattered
over the rest of the surface Contrary to
the findings of Niedergang-Kamien and
Skoog (1956) for callus growth on
tobacco pith segments there is no
gradient in bud number along the expiant
at intermediate auxin concentrations
The scattered buds were fairly randomly

Table 1 Uptake of 1-NAA Expiants were cultuied for 24 or 48 hours on a range of 1-NAA
concentrations and 37 kBq 1-[3H]NAA in the presence or absence of 1 / Ш NPA After 24 or 46 h
radioactivity was determined and uptake was calculated Each value is the mean of 4 samples of 5
expiants + SEM
Concentration
of NAA ifM)

Uptake of 1-NAA
(pmo! expiant ')
24 h incubation

01
10
10
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48 h incubation

-NPA

+NPA

-NPA

+NPA

37 55 ± 2 42
428 6 ±14 9
440 ±149

42 35 i 2 67
412 5 +18 3
4277 ±199

63 84 î 3 16
698 5 ± 25 8
7906 І 44

54 83 ± 3 4
547 4 i 25 2
5658 ± 267

distributed between basal and apical
end
The shapes of the concentration KS
response curves for basal and scattered
buds are identical, but the curves are
shifted relative to each other This
enables us to manipulate tho location of
the bud formation из the concentration
of applied auxin An almost 100 per cent
switch from basal to scattered regene

ration can be achieved This is in contrast
to many other systems For instance,
Paterson (1983a) could enhance polar
root development on expiants from
Crassula argentea only from 0 to 30 per
cent of total number of roots developed
This shift could well be the result of
longitudinal transport, occuring at all
concentrations of 1-NAA Further evi
dence in favour of this comes from the
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Figure Ь Transport of NAA Groups of 40
expiants were incubated in such a way that their
basal or apical edge was m contact with 5 ml
medium containing 0 22 /tM 1-NAA {a,b) or
2-NAA (c,d) and 185 kBq 1 - or 2-PH]NAA,
respectively, in the presence (b d) or absence
(a,c) of 1 μΜ NPA After the incubation, the
expiants were rinsed and cut in 6 slices before
radioactivity determination Each point is the
mean of 4 samples of 5 slices t SEM The slices
are numbered 1 to 6 from the application point
on which means that 1 is the basal edge in the
incubation against the basal end (о—o) and the
apical edge in the one against the apical end of
the expiant (о—о)

10

1-NAA

1-NAA
• NPA

2-NAA

2-NAA
+ NPA

Figure 6 Accumulation of NAA Explants were
cultured for 6 hours on medium containing 0 22/t

M non-labeled and 185 kBq [3H]-labeled 1 NAA (white bars) or 2-NAA (grey bars), in the
presence or absence of 1 μΜ NPA After the
incubation, the expiants were cut in 6 slices
before radioactivity determination Each point is
the mean of 4 samples of 5 explants i SEM, and
the slices were pooled two by two Slices from
left to right from basal to apical edge
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experiments with auxin transport inhibitors These are widely used cither for the
indication that polar auxin transport is
taking place or as a means of influencing
transport. As far as they have been used
to influence morphogenesis in tissue
culture systems, the results were often
not convincing Paterson (1983b) found
that TIBA stimulated even regeneration
of roots but that total regeneration was
lower Van Aartnjk and Blom-Barnhoorn
(1984) observed that TIBA specifically
promoted spread bud formation on bulbscale expiants of Li/ium speaosum but
particularly when auxin was present m
high concentrations and spread buds
were already more abundant than basal
buds. We found here that TIBA can both
stimulate spread bud formation and
reduce basal bud formation at the same
NAA concentration (Fig 3) Furthermore,
the influence of TIBA and, even more
pronounced, NPA on the two groups of
buds is visible at all NAA concentrations,
independent of which group of buds is
dominant (compare Figs 3 and 4 with
Fig 1)
Another line of evidence comes from the
experiments in which transport was
measured as enhanced translocation of
1-NAA in basal direction upon application
of the hormone at one end of the tissue
(Fig. 5). This phenomenon is not found
for the analogue 2-NAA, which does not
enter the transport system (Hertel et al
1969) and which is virtually inactive with
respect to regeneration in our expiants
Upon application of l-NAA over the
whole length of the tissue, the transport
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ieaas to the observed accumulation of
l-NAA at the basal end (Fig 6) Accumulation of auxin is most.y a rosuit o*
transport through vascular tissues (Jarvis
and Shaheed 1986) Here it is the result
of transport through pernechymous tissue, the only tissue present in the
expiant To the best of our knowledge,
this is the first report on polar accumulation of auxin in such tissues in relation to
morphogenetic processes
It is remarkable that a concentration
gradient of l-NAA occurs in the tissue
which is over its whole length in direct
contact with the medium, taking up large
amounts of hormone Contrary to the
contention of Batten and Goodwin (1981)
that transport would be of no importance
when the auxin is supplied ovei the
whole length of an expiant, it is clear
from the experiments descibed in this
chapter that transport can be measured
in such a situation
The accumulation in the basal part of the
explant, relative to other parts of the
expiant, would be, from the difference
between the two curves in Figure i,
expected to amount to a factor between
2 and 5 The accumulation measured is a
factor 2 after 6 h of culture and a little
less after 24 h (Fig. 6) Of course, the
distribution of the hormone over the
outer and inner cell layers is not known
The hormone may well be unevenly
distributed between outer and inner cell
layers Since the cells appear to be a
very large sink for l-NAA (Chapter 2), it
is very likely that the concentration in the
upper cell layers is lower than in the

ones closer to the medium The differen
tiation starts from cells not far below the
epidermis (Van den Ende et al 1984b,
Wilms and Sassen 1987) Therefore it
can well be envisaged that transport of
1-NAA in the upper cell layers leads to
uneven formation of flower buds, while a
major part of the hormone, in the lower
part of the expiant, is not being translo
cated This, of course, implicates that the
actual differences in concentration may
be higher than the ones measured in Fig
6

subdivided into two time intervals the
actual induction phase and a subsequent
period during which the primary differen
tiation centers become committed to
further outgrowth Preliminary results on
hormone metabolism indicated that
within the first four days, the internal
concentration of free, ι e not-conjuga
ted, 1-NAA is highest during the first day
of culture (Barendse et al 1987), i e
during the first phase The hormone
metabolism is being studied in more
detail in chapter 4

The distribution found after 24 h of
culture is less uneven than 6 h For
induction of the maximal number of
flower buds, the presence of 1-NAA in
the medium is necessary during the first
four days of culture (Chapter 2, Smulders
et al 1988a) Presence of a certain
concentration during the first day seems
to be not enough However, this does
not exclude the possibility that the posi
tion of the buds is already fixed at a very
early stage If so, this would imply that
the four-day initiation period can bo

By exploiting the phenomenon of polar
development, one can direct the regene
ration process to a limited area of the
explanted tissue This results m a high
density of regeneration at the basal side,
and an almost perfect control tissue at
the apical side The system was used in
this way by Wilms and Sassen (1987) for
a morphological study of the flower bud
regeneration The same approach would
be useful in studies into the biochemical
processes underlying regeneration
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CHAPTER 4

Metabolism of 1-naphthaleneacetic acid in
expiants of tobacco. Evidence for release of free
hormone from conjugates

ABSTRACT
1-IMaphthalcneacetic
acid (1-NAA),
required for in vitro flower bud formation,
was taken up by pedicel expiants of
tobacco in large amounts and rapidly
metabolized into various conjugates
During the first hours of culture 1-NAGIu
was the major metabolite formed From
the 6th hour on, most 1-I\1AA had been
converted into a yet unidentified metabolite 1-NAGIu was an intermediate in
the formation of this metabolite After 24
h, l-NAAsp became the second major
metabolite The increase in 1-l\JAAsp
formation was induced by 1-NAA The
inactive analogue 2-NAA was metabolized like 1-NAA, but was unable to
increase the formation of the aspartate
conjugate When expiants were fed
labeled 1-NAGIu. 1-NAAsp or the major
unidentified metabolite, radioactivity was
found to be associated with free 1-NAA
and all major conjugates, indicating
interconversion of conjugates and breakdown to free 1-NAA A regulatory role of
conjugation in maintaining a particular
level of free 1-NAA in the tissue is
proposed

INTRODUCTION
Auxins are chemically modified in plant
tissue (Sembdner et al 1980, Cohen and

Bandurski 1982) IAA, for instance, can
be oxidized (Andreae 1967), or conjugated to sugar and ammo acid derivatives
(Cohen and Bandurski 1982) This results
in mactivation since the free auxin is the
only biologically active form (Cohen and
Bandurski 1982) Due to this mactivation,
the level of active auxin in the tissue is
not the sum of synthesis and import or,
m tissue culture, synthesis and uptake
Oxidation and metabolism must be taken
into account
Conjugated IAA is hydrolyzed in plants,
yielding free auxin (Hangarter and Good
1981) Apparently, conjugated IAA serves
as a transport and storage form fur IAA
While conjugated, the IAA-moiety is
protected from enzymatic oxidation
(Cohen and Bandurski 1982. Bandurski et
al 1987) Synthesis and hydrolysis of
conjugates may well constitute a homeostatic control mechanism of the level of
free auxin (Kopcewicz et al 1974. Bandurski 1980, Cohen and Bandurski 1982,
Magnus 1987, Bandurski et al 1987,
Grambow 1988)
In tissue culture systems, the synthetic
auxin 1-NAA is often used instead of
IAA, because it is not photodestructed or
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oxidized in the medium before entering
the tissue (Dunlap et al 1986) In the
tissue, the substance is not oxidized
(Zenk 1962 Andreae 1967) but it is
conjugated into a glucose ester and
several ammo acid amides (Shindy et al
1973, Goren and Bucovac 1973, Greenwood et al 1974, Aranda et al 1984) In
contrast to IAA, release of free NAA
from its conjugates has hardly been
found 1-NAAsp is hydrolyzed to free
1-NAA only very slowly (Kazemie and
Klambt 1969, Vijayaraghavan and
Pengelly 1986} Hydrolysis of other conjugates, such as 1-NAGIu, has never
been investigated As a consequence
homeostatic control of the level of free
1-NAA by synthesis and breakdown of
derivatives has been proposed but was
never confirmed (Goren and Bucovac
1973 Caboche et al 1984)
Superficial explants from flower stalks of
tobacco produce flower buds when cultured m i//tro (Tran Thanh Van 1973b. Van
den Ende et al 1984) The level of
regeneration can be regulated by the
concentration of 1-NAA in the medium
(Chapters 2 and 3) Because of the
regulatory role of 1-NAA in flower bud
regeneration we have investigated the
relation between the exogenous supply
of this hormone m the medium and the
its conversion within the expiants In
order to understand what reactions took
place the fate of pulses of 1-NAA was
also determined as well as the fate of
metabolites of 1-NAA fed to expiants It
will be shown that interconversion between free NAA and conjugates takes
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place

MATERIALS AND METHODS
P/aût and tissue culture
Tobacco {/Vtcotiana tabacum L cv Samsun) plants were raised and expiants
were cultured as described by Van den
Ende et al (1984a) and Smulders et al
(1988a)(Chapter 2) Basa! medium contained MS-salts (Murashige and Skoog
1962) supplemented with 1% agar, 125
mM glucose and 1 \Ш BAP Where
indicated it was supplemented with dif
ferent concentrations of labeled or
unlabeled 1- or 2-NAA
Radioactive determinations
1-NAGIu was generously supplied by Dr
M Caboche 1 NAAsp was a gift from
Professor N Amrhem l-[carboxyl'"CJNAA (2 07 GBqMmoM) and 2[ 3 H]NAA (651 GBq Mmol 1) were pur
chased from Amersham The 1-[3H]NAA
was custom-synthesized by Amersham
and purified as described previously
(Chapter 3)
After incubation on medium containing
labeled 1-NAA or 2-NAA followed by
the appropriate period of chase on
medium without NAA, the expiants were
thoroughly rinsed Groups of 5-10 labeled
expiants were extracted twice with 0 65
ml methanol overnight at -20 0 C From
the combined extracts a sample of 50 /il
was taken to determine total uptake The
remaining of the extracts was dried
under nitrogen dissolved in 5Q/il meth
anol and separated by TLC on 0 25 mm
silica gel plates with fluorescence in
dicator (Merck) The plates were rou
tmely developed with chloroform meth
anol acetic acid, 75 20 5 v/v (solvent A
Caboche et al 1984) For the identifica
tion of the metabolites also chloro
form ethylacetate formic acid 5 4 1 v/v

(solvent В) or 4 5 1 v/v (С) and isopro- of these data, the amounts of free IMAA
panol ammonium hydroxide water 8 1 1 and metabolites present in the expiants
v/v (D) were used as solvents for TLC
were calculated
Along with the samples, ο 1 μιποΙ
quantities of 1-NAA, 1-NAAsp and 1RESULTS
NAGIu were cochromatographed, and in the case of labeling with 1-[3H]I\IAA Identification of the conjugates
also 10 μ I of an extract from tissue that
had been labeled during 48 h with
Extracts from expiants cultured 48 h on
l-t^CJNAA After the separation, the
labeled i-NAA were separated by 4
standards were visualized under UV light,
different solvent systems (described in
and the [ 14 C]-labeled compounds by
Materials and Methods) In system A,
autoradiography on Kodak XAR-5 film In
3
this way, the positions of [ H]-labeled which gave the best separation (see also
compounds in the samples were deter
Caboche et al 1984), 8 compounds were
mined. The silica was then scraped off
detected, 7 of which contained 5% or
into scintillation vessels
more of the radioactivity Figure 1 shows
Radioactivity was measured after addi
examples
of the separation in solvent
tion of 4 mi Lumagel (Lumac) in a Philips
system A
PW 4540 liquid scintillation analyzer The
results were corrected for quenching and
Free NAA 1-NAGIu and 1-NAAsp were
expressed as pmol per expiant (for the
identified by cochromatography with
uptake measurements, Chapter 2) or as
percentage of the radioactivity recovered authentic samples in the four solvent
(for the TLC samples) By combination
systems and by comparison with Rf

-.front
-.1-HAA

-l-NAGtu

*«
1 2

3

4

5

6

«ft

-.1-NAAsp

««w

..Met.1
Met 2
^ Met 3
Met 4
Origin

7

Figure 1 Metabolism of pulses of 1-NAA Expiants were cultured for 0 h (lanes 1-4) or 24 h (lanes
5-8) on medium with 1 / Ш 1-NAA, and then transferred for 2 h to medium containing 1 μ M (104
kBq) 1-[cait>oxyl-'4Cj1-NAA After the incubation radioactivity was extracted either immediately
(lane 1,5) or after a chase of 2 h (lane 2, 6), 6 h (lane 3 7) or 24 h (lane 4, S) on medium without
1-NAA After TLC-separation an autoradiograph was made The position of free 1-NAA and the
conjugates is indicated
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values reported m literature (Zenk 1962,
Veen 1966, Venís 1972, Goren and Bucovac 1973, Brenner and Tonkinson 1974,
Riov et al 1979, Caboche et al 1984
Aranda et al 1984; Vijayaraghavan and
Pengelly 1986) In solvent В. 1-NAGIu
cochromatographed with Metabolite 1,
giving the glucoside compound designa
ted "B" by Caboche et al (1984) at Rf
0.05-0 09 The latter split up into 2
compounds after chromatography in sol
vent Α, ι e Metabolite 1 at Rf 0 25-0 29
and 1-NAGIu at Rf 0 52-0 56 1-NAAsp
resulted m a separate spot with all
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Figure 2 Metabolism of 1-NAA during culture of
tobacco explants Groups of 10 explants were
cultured on 1 /AM 1-NAA with 37-370 kBq
1-[ 3 H]NAA for different periods of time H e r e after
ladioactivity
was extracted from the
expiants After TLC-separation, the distribution
of the radioactivity over the individual spots was
determined and expressed as percentage of
total radioactivity recovered Each point is the
mean of 5 samples of 4 expiants
Standard
errors are indicated when larger than the symbol
Symbols represent free i - N A A (x dotted line)
NAGIu (o), 1-NAAsp (Δ), Metabolites 1 (v) and 2
(D)
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solvents. In the lower range Rf 0 00-0 12
in solvent A, a few additional com
pounds were found, notably Metabolite 4
(also found by Caboche et al 1984) For
Metabolite 2 (Rf О 21-0 24) and 3 (0 120 16) no references have been found in
literature
Metabo/ism of i-NAA during continuous
cu/ture
When extracts from expiants cultured for
different periods of time on 1-[3H]I\IAA
were separated in Solvent A, the distri
bution of the radioactivity over the spots
showed that free 1-NAA declined rapidly
during the first 12 h of culture, indicating
rapid metabolism (Fig 2) After 24 h. less
than 5% of the 1-NAA taken up was
present as free hormone
During the first h of culture, 1-NAGIu was
the major metabolite, but from 6 h
onwards, Metabolite 1 increased to
become the major one The proportion
of the radioactivity in 1-NAGIu, about
25% after 4 h, steadily decreased from 6
h onwards, whereas that of metabolite ι
remained at a constant level of 45-55%
1-NAAsp and Metabolite 2 were detec
ted only after a lag period of 1 -2 h (Fig
2) 1-NAAsp became most abundant at
24 h of culture and remained at a stable
level of ~ 23% of the radioactivity
thereafter Metabolites 3 and 4 (not
shown in Figure 2) became more abun
dant after several days of culture, but
together they never comprised more
than 15% of the total radioactivity in the
expiants
At different concentrations of 1-NAA in

the medium, the same metabolites were
formed in similar percentages (Table 1)
There was, however, a tendency for a
more than proportional conversion rate
of free 1-NAA at higher 1-NAA concent
rations, both after 2 and 24 h of culture
Metabolite turnover after app/icat/on of a
pulse of l-NAA
Since the percentage of 1-NAGIu was
found to be high at the early stage of
culture, and to decrease in the later
stages, two possibilities arose 1-NAA
was either conjugated into 1-NAGIu in
larger amounts at the onset of culture
compared than later on, or 1-NAGIu was
converted into other compounds During
continuous culture, no net decrease in
the total amount of 1-NAGIu was found
(not shown) Since 1-NAA was continu
ously taken up and metabolized in large
amounts, 1-NAGIu might be turned over
extensively without any decrease in the
actual level

To investigate conjugate turnover, a
pulse-chase experiment was carried out
Expiants were labeled for 2 h i m 
mediately after excission with radioactive
1-NAA
and subsequently metabolite
levels were monitored during a chase
Figure 1 (lanes 1-4) shows that 1-NAGIu
was synthesized very quickly, but also
disappeared rapidly during the chase,
The absolute amounts of 1-NAA and the
major metabolites after various chase
periods are presented in Table 2 (upper
half) These data show that the break
down did not result in more free NAA,
since its level also decreased The
radioactivity became for the larger part
associated with Metabolite 1 as shown
by the relatively constant leve! of i NAGIu together with Metabolite 1 (Table
2)
This conversion, and the formation of the
other metabolites, was not affected by
the presence of non-labeled 1-NAA in

Table 1 Metabolism of 1-NAA at different concentrations of 1-NAA Groups of 10 expiants were
cultured on 0 1 1 or 10 μΜ 1-NAA with 37 or 185 kBq 1-PH]1-NAA Aftei ? or 24 h radioactivity
was extracted and separated on TLC The distribution of the radioactivity over the spots was
expressed as percentage of the total amount of radioactivity recoveied Each value is the mean of 3
samples of 7 explants ± SEM
Duration
of the
incubation

Concentra Distribution of the radioactivity (%)
tion of 1 NAA (/Ш) Free 1-NAA
1-NAAsp

1-NAGIu

Metabolite 1

2h

01
1
10

46 3 ± 5 1
38 5 ± 3 8
35 9 ± 5 2

1 7 ± 07
1 5 i 05
1 1 t 00

21 9 ± 1 1
26 9 ± 1 8
26 5 ± 2 8

24 9 ± 5 3
29 3 ± 6 4
31 8 ± 7 5

24 h

01
1
10

73 ± 1 4
31 i 04
2 1 ± 05

68+08
145 ± 0 4
13 3 ± 1 1

106 ί 10
10 3 ± 0 8
106 ± 0 4

558 ±3 1
569 ±1 1
59 3 ±2 0
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the medium during the chase (chase
without 1-NAA in Fig. 1; chase with 1 μΜ
1-NAA not shown).
Changes in metabo/ism during cu/ture
In order to investigate how 1-NAA meta
bolism changed during culture, a similar
pulse-chase experiment was carried out
with expiants cultured for 24 h on 1 μ Μ
1-NAA (Fig. 1 lanes 5-8). The turnover of
1-NAGIu was similar to that in freshly-cut
expiants, although the sum of 1-NAGIu
and Metabolite 1 slightly decreased dur
ing the chase (Table 2). This suggests
interconversion between metabolites, or
release of free 1-NAA.
The major change in the pattern of
metabolites was the enhanced synthesis
of 1-NAAsp, from hardly any synthesis in
freshly-cut expiants to more than 20 per
cent of the total amount of radioactivity
in 1 d old expiants (Fig. 1. compare lanes

5-8 with 1-4). Presumably, the enzyme
for the synthesis of this metabolite is not
yet present when the expiants are cut.
To check whether exposure to 1-NAA
induced these differences in metabolism,
expiants were precultured for 24 h on
either 1-NAA, the inactive analogue 2NAA or on basal medium without addi
tions before they received a 2-h pulse
with labeled 1-NAA, followed by a 24 h
chase (Fig, 3). Only the expiants which
had been in contact with 1-NAA formed
considerable amounts of l-NAAsp. Pre
incubation on basal medium, or basal
medium supplemented with 2-NAA,
resulted in a 1-NAA metabolism comparabie to that in freshly-cut expiants. The
only effect brought about by the 24-h
preincubation was a 10% rise in the
fraction in Metabolite 3 and 4. Enhanced
synthesis of t h e s e
metabolites

Table 2. Distribution of radioactivity over the different compounds during a chase. Expiants were
cultured for 0 or 24 h on medium with 1 μΜ 1-NAA, and then transferred for 2 h to medium
containing ι μ Μ (104 kBq) l-[carboxyl- u C]NAA. After the incubation, radioactivity was extracted
either immediately or after a chase of 2, 6 or 24 h on medium without 1-NAA. A sample was taken to
determine the total amount of radioactivity present After TLC-separation, the silica was scraped off
and the radioactivity in the spois was determined. From these data, the amounts of chemicals present
was calculated. Each point is the mean of 2 samples of 10 explants i SEM
Duration of Amounts present (pmol.explant ^
pretreat-
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ment, pulse Free
+ chase (h) 1-NAA

1-NAGIu

Metab 1

1-NAGIu

1-NAAsp
+ Metab.1

0, 2 + 0
0, 2 + 2
0. 2 + 24

2.9 i 0.4
0 5 ± 0.0
0.1 ± 0.0

2.9 ì 0 1
1.0 ± 0.0
0.2 i 0 0

З.Ь i 1.5
7 9 íO.1
81 ±01

6.4 ± 0 3
8.4 ± 0 3
83 ± 01

0 1 ±0.0
0.2 ± 0.1
0.2 ± 0 0

24, 2 + 0
24. 2 + 2
24, 2 + 24

1.5 ± 0.1
03 i 00
0 1 i 0.0

4.0 ± 0.0
1.4 i 0.1
0.2 ± 0 . 0

1.8
3.8
42

5.8 ± 0.1
5.2 ± 0 1
4.4 ± 0 . 0

1.6 ±0.2
2.8 ± 0.2
3.2 ±0.1

±0.1
±0.2
±00

apparently did not depend on the pre
sence of active auxin
Metabo/ism of2-NAA
The question arose whether 2-NAA.
which could not induce changes in the
metabolism of 1-NAA was also meta
bolized differently To test this expiants
were cultured for 1 or 24 h on 1 / Ш
labeled 1-NAA or 2-NAA, or on labeled
2-NAA in the presence of unlabeled
1-NAA
As shown in Figure 4, the
metabolism of 2-NAA was initially the
same as the metabolism of 1-NAA Later
on differences occurred, notably the
absence of an increase in the synthesis
of 2-NAAsp The reduced synthesis was
not due to a lower affinity of the
aspartate-forming enzyme for 2-NAA,
since in the presence of unlabeled 1NAA, the synthesis of labeled 2-NAAsp
was at the same level as that of labeled
1-NAAsp The synthesis of Metabolite 3
of 2-NAA was higher than that for
1-NAA
Сопі/егзюп of metabo/ites and re/ease
off-NAA
To obtain conclusive evidence for the
release of 1-NAA from conjugates
radioactivity was extracted from expiants
cultured for 6 h on medium containing
10 jU.M 1-[1«C]NAA After separation the
labeled metabolites were extracted from
the TLC plate and fed to expiants After
2 h of culture on labeled 1-NAGIu the
radioactivity was extracted from the
expiants and again separated on TLC
(Table 3) The very large fraction of
1-NAGIu, 44%, indicates that the
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Figure 3 Metabolism of 1-NAA aftei diffeient
treatments Freshly cut expiants and expiants
premcubated for 24 h on medium containing no
auxin 1 μ,Μ 2 NAA or 1 / Ш 1-NAA were
cultured for 2 h on medium containing 1 μ M
1-NAA and 185 kBq 1-pHJNAA After a 24 h
chase on medium without duxin radioactivity
was extidcted and sepaiated and the distribu
tion of the radioactivity was determined Col
umns from left to right 1-NAA
1-NAGIu
1-NAAsp Metabolite 1 2 and 3 Each point is
the mean of 3 samples of 7 expiants Standard
en ors aie indicated when larger than 0 25%

radioactivity had indeed been taken up in
the form of the glucoside (compare
Table 3 with Fig 2) Radioactivity was
also found in free 1-NAA and Metabolite
1 (Table 3) After 3-d incubations on
labeled 1-NAGIu, 1-NAAsp or Metabolite
1 all of the radioactivity had been
converted to all these metabolites in the
same proportions, irrespective of which
conjugate had been applied
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DISCUSSION
1-NAA is quickly metabolized in tobacco
explants (Figs 1 and 2) 1-NAGIu is the
first major metabolite after feeding of
1-NAA (Zenk 1962 Goren and Bucovac
1973 Riov et al 1979) In the experi
ments described in this paper it was
found that the 1-NAGIu formed is further
metabolized presumably into Metabolite
1 This metabolite -probably also a sugar
ester (Caboche et al 1984)- becomes
the most abundant conjugate a few
hours later The turnover of 1-NAGIu is

XHtra'

Hi

Figure 4 Companson of the metabolism of
1 NAA and 2-NAA Expiants were cultured on
for 1 h on 1 μΜ 1-NAA and 3/0 kBq l-pHJNAA
{bars of the 1st group) or 34 h on 1 μΜ 1 NAA
and 37 kBq 1-pHJNAA (3rd) Othei expiants
were cultured for 1 h on 1 μΜ 2-NAA and 370
kBq 2-pHJNAA (2nd) or tor 24 h on 1 μΜ 2-NAA
and 37 kBq 2-[3Η]ΝΑΑ (4th) Finally expiants
were cultured on 1 μΜ 1-NAA and 37 kBq
2-PHJNAA (5th) After the incubation radioac
tivity was extracted and separated and the
distribution of the ladioactivtty was determined
Other legends as in Figure 3
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indicated by (ι) synthesis and disappear
ance of 1-NAGIu during a pulse-chase
experiment (Fig 1) (u) the turnover both
at the beginning of culture and 24 h later
and (m) the constancy of the sum of
1-NAGiu and Metabolite 1 during the
disappearance of 1-NAGIu (Table 2) At
this moment two possible mechanisms
for this interconversion can be envisa
ged direct conversion of 1-NAG lu into
Metabolite 1 or breakdown to free 1
NAA from which Metabolite 1 is sub
sequently metabolized
Direct conversion of IAA-glucoso into
lAA-myo-mositol has been found m
maize kernels (Michalczuk and Bandurski
1982 Bandurski 1984) Recently 1AAmyo-mositol has also been detected in
tobacco (Aharom and Cohen 1986) The
IAA-glucose synthase
[UDP-glucose
IAA giucosyl transferase] from maize
kernels has been reported to have a high
affinity for 1-NAA The same enzyme
may therefore be active in our tobacco
tissue The lAA-zTT/omositol synthase
[indoleacetyl glucose /TTKiP-inositol in
doleacetyí transferase] from maize kernels only has a very low affinity towards
1-NAGiu compared to
IAA-glucose
(Michalczuk and Bandurski 1982 Bandurski 1984) In view of its rapid synthesis
(Fig 2) Metabolite 1 would not be
expected to be l-NAA-zT/ycnnositol
Alternatively the lAA-mositol synthase m
tobacco could have a higher affinity for
1-NAA
An alternative to a direct conversion of
1-NAGIu into metabolite 1 is that 1NAGIu is hydrolyzed into free NAA from

which Metabolite 1 is subsequently syn
thesized directly Hydrolysis of 1-NAGlu
into 1-NAA is possible as shown in
expiants that were fed 1-NAGlu (Table
3) The synthesis of lAGIu from IAA is
reversible (Lezmcki and Bandurski 1988)
If formation of Metabolite 1 were to
occur from free 1-NAA, one would
expect compartmentation of the con
jugation processes 1-NAGlu is possibly
hydrolyzed into free 1-NAA in a com
partment different from where it was
formed and in this new compartment
the formation of other metabolites could
take place Compartmentation of con
jugation processes was also suggested
by Davidoms et al (1980) for 2 4 D
conjugation

Klambt 1969 Vijayaraghavan and
Pengelly 1986) Release of free hormone
from conjugates has been found for IAA
(Hangarter and Good 1981) Also the
synthetic auxin 2 4-0 is released from its
metabolites in plant tissues (Davidoms et
al 1980) In the light of our results it
appears that also 1-NAA metabolites are
subject to such degradation
Release of free 1-NAA from the con
jugates (Table 3) indicates that the low
level of free 1-NAA after longer incuba
tions is the result of an equilibrium
between conjugate synthesis and
degredation In this way a low level of
1-NAA is maintained as free hormone a mechanism also proposed for IAA
(Bandurski 1980 Cohen and Bandurski
1982 Lezmckt and Bandurski 1988) and
2.4-D (Davidoms et al 1980) From the
results in Figure 2 it appears that the
level of free hormone is 2 to 4% of the
total amount taken up
The metabolism of 1-NAA changes dur
ing the course of culture (Fig 1) ι e at

When expiants were fed 1-NAGlu or
other metabolites, consistently both free
1-NAA and all the other metabolites
were found (Table 3) Conjugates of
I-IMAA were considered stable Hydro
lysis at a low rate has only been
reported for 1-NAAsp (Kazemie and

Table 3 Fate of 1-NAA-metabolites fed to expiants Labeled 1-NAA metabolites were obtained from
groups of 40 expiants incubated for 6 h on medium containing 10 ЦМ (1040 kBq) 1-[,4C]NAA by
extraction and separation on TLC the conjugates weie fed to expiants for 2 24 or 72 h Extracts from
these expiants were sepaiated and the distribution of the ladioact'vity ovei the spots was
determined Each point is the mean of 2 samples of 5 explants i SEM
Metabo
lite fed

1-NAGlu
1-NAGlu
1-NAGlu
1-NAAsp
Metab 1

Time of
incuba
tion (h)

Distribution of the radioactivity ("o)

2
24
72
72
72

23 5
24
03
08
13

1-NAA

±
±
±
±
i

1-NAGlu

03
01
00
08
03

44 0
10 3
?2
39
22

i
i
i
i
*

14
1 2
02
15
0 1

1-NAAsp

09+02
33 î 08
14 І01
3 6 ± 18
1 2 ±01

Metab 1

Others

26
61
53
60
65

52
22 1
42 9
31 1
30 3

1
7
1
7
0

i 05
± 04
i 1 2
± 20
±05

i

08
±09
i 1 8
+05
i 0 1
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different stages in culture metabolites
are formed in varying amounts (Zenk
1962, Sudi 1964, 1966. Caboche et al
1984) Important is the change in the
amount of 1-NAAsp, which is formed at
a high rate after 24 h of culture, but
hardly at the start of culture (Figs 1 and
3) The change in metabolism was induced by 1-I\JAA but not by 2-NAA (Fig
3) This was not due to lack of affinity of
the aspartate-formmg enzyme for 2IMAA. since 2-l\IAAsp was accumulated
in almost the same amount as 1-NAAsp
when both substances were supplied to
the expiants (Fig 4) Therefore, the
difference in effect must be related to
the difference in activity as an auxin.
2-NAA being an inactive analogue
(Chapter 3) Also for other chemicals it
has been found that the capacity to
induce the formation of the aspartateconjugate is dependent on the activity as
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an auxin (Sudi 1964 1966 Venís 1972
Bandurski 1984} The induction is also
concentration-dependent
since high
concentrations of 1-NAA lead to a more
than proportional increase in the NAA
conjugation (Table 1) Thus the induction
of auxin-aspartate synthase may be a
specific and quick response to auxinreceptor binding However, the physiological function of this induced synthesis
remains unclear. From the data on the
metabolism of 2-NAA (Fig 4) it appears
that if the aspartate formation is not
induced this does not lead to a higher
concentration of free NAA in the tissue
In conclusion it appears that conjugation
of 1-NAA has more in common with IAA
metabolism than generally assumed In
particular 1-NAA conjugation, like IAAconjugation seems to play a regulatory
role in maintaining a particular level of
free hormone in the tissue

CHAPTER 5

The dose of 1-Naphthale meacetic acid determines
flower bud regeneration in tobacco expiants at a
large range of concentrations

ABSTRACT
Short application of very high concent
rations of NAA to expiants from flower
stalks of tobacco induced flower bud
regeneration comparable to longer or
continuous incubation on
lower
concentrations The maximum number of
20 flower buds per expiant after is d of
culture was obtained not only by con
tmuous culturmg on 1 μΝΑΑ but also by
12 h culturmg on 22 μΜ or 0 5 on
220 μΜ, followed by incubation on
medium without auxin for the remaining
period If such high concentrations were
applied continuously this resulted only m
callus formation or caused the death of
the explanted tissue In experiments in
which auxin concentration and time of
application were independently varied,
the product of concentration and time
determined the number of buds formed
In search for the mechanism for this
dose effect, it was shown that although
most of the NAA was converted into
conjugates, there always was a certain
level of free NAA present This level was
dependent on the total amount of NAA
taken up In expiants which had received
a dose which was optimal for regene
ration, the internal concentration of free
NAA was between 1 7 and 6 2 μΜ
Suboptimal applications led to lower
values, supraoptimal treatments to much

higher internal concentrations The phy
siological effect, which is induced by the
internal hormone concentration, thus
showed up as dose-dependent
the
tjssue culture

INTRODUCTION
Hormone molecules are thought to exert
their action by binding to a receptor,
most likely a protein which instructs the
cell to respond (Vems, 1985) This im
plies that, if the amount and affinity of
the receptors is constant, the endogen
ous hormone concentration determines
the extent of the response
In long-term hormone-induced develop
mental processes like /n Mro organ
formation on excised tissue, the hor
mone concentration in the explanted
tissue is not a simple function of the
medium concentration Other factors in
volved are in case of auxins, the uptake
of the hormone from the medium (Chap
ter 2), the mactivation by conversion into
conjugates (Chapter 4 Cohen and Bandurski 1982), and the release of free
hormone from these conjugates (Chapter
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4, Hangarter and Good 1981) In case of
the natural auxin IAA, the situation would
be further complicated by breakdown of
the hormone in the tissue by enzymatic
oxidation (Bandurski et al 1987) The
relative importance of these parameters
determines what kind of relation exists
between the hormone in the medium
and the physiological response
In case the uptake rate of the hormone is
proportional to the concentration in the
medium, and the equilibrium between
free and conjugated hormone is con
centration-independent, the internal hor
mone level reflects the medium con
centration Physiologically the response
of the tissue will manifest itself as
concentration-dependent
If, on the other hand, the hormone is
rapidly taken up and converted into
conjugates, slow release of free hor
mone from the accumulated conjugates
could be sufficient to maintain a physio
logically active level in the absence of
any further uptake from the medium In
this case, the physiological response will
be dependent on the dose of hormone
taken up
A physiological process can only be
characterized as dose-dependent if two
criteria are met (ι) the hormone need to
be applied for a limited period of time,
after which it is no longer required, and
(u) the length of the application period
should be inversely related to the con
centration of the hormone in the
medium If only the first criterium is met,
we may be dealing with a third kind of
relation, namely that at the end of the
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application period, the physiological pro
cess has reached a point beyond which
no hormone is required any longer
There are indeed indications that the
regulation of growth and differentiation in
tissue culture is not simply dependent on
the applied hormone concentration In
cultured carrot explants a maximum
effect on cell division was obtained after
several weeks in response to 6 d
application of IAA (Bender and Neumann
1978) In tissue culture of Picea ab/es
buds could be induced by short treat
ments with very high cytokmin concent
rations (Von Arnold and Eriksson 1985)
In horticultural practice rooting of shoots
is induced by a pulse application of
auxin NAA is needed in the medium for
4 d for optimal initiation of in vitro flower
bud regeneration on tobacco expiants
(Smulders et al 1988a) Premature with
drawal of the hormone diminishes, or
even abolishes, the regeneration
For the evaluation of the relation bet
ween applied hormone in the medium
and internal hormone concentration in
the tissue, thin-layer expiants of tobacco
(Tran Thanh Van 1973b, Van den Ende et
al 1984) were used These expiants
produce flower buds within a 15-d
period, apparently depending on the
concentration of NAA (Chapter 2).
Uptake of NAA is linear with the con
centration applied in the medium, and no
hormone leaks back into the medium
(Chapter 2) There is a high degree of
conjugation, but the remaining free hor
mone can be easily detected (Chapter
4) Two types of flower buds can be

distinguished, basal buds developing at
lower concentrations of IMAA than the
buds which are scattered over the
remaining surface (Chapter 3) Therefore,
the effect of the treatments can be
examined separately for two groups of
buds
Evidence for the concentration or dose
dependency of bud formation was
sought by varying the hormone concent
ration during continuous application and
the lenght of application at fixed con
centrations We also followed hormone
uptake and the internal concentration
during and after varying periods of auxin
application.
MATERIALS AND METHODS
Plants of Nicotiana tabacum L cv Samsun were raised and expiants were
cultured as described in Chapter 2
Flower buds were scored after 15 d of
culture, and evaluated separately for
basal edge and remaining surface
(Chapter 3) For measurements of uptake
and metabolism, expiants were incuba
ted on medium with [ 3 H]NAA (pulse), in
a number of cases followed by a chase
on auxin-free medium After this uptake
and metabolism was measured as
described in Chapter 4.

RESULTS
Variation of the applied NAA concent
ration
When

expiants

were

cultured for

the

c o m p l e t e culture period on a range of
NAA

concentrations, flower buds w e r e

f o r m e d f r o m 0 1 to 10

μ Μ NAA

(Fig
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Figure 1 Effect of 1 μΜ NAA and BAP applied
for different periods on flower bud formation
Expiants were cultured for 0-15 d on medium
containing t μΜ of both NAA and BAP, and
then transferred to medium without BAP (open
symbols) or NAA (closed symbols) NT, not
transferred After 14 d, the number of basal (o,
Щ and scattered ( Δ , Α ) buds was scoi ed
Twenty-thirty explants per treatment Bar = LSD

2B) Maximum basal buds were formed
at 0 22 and 0 45 μΜ NAA, and the
maximum of the scattered buds was
obtained at 2 2 and 4 5 μΜ NAA in the
medium (Chapter 3)
Variation of the period of application
In the next experiment, expiants were
cultured at ι
μ Μ NAA for limited
periods, between 1 and 7 days, after
which they were transferred to medium
without auxin for the remaining of the
15-d culture period After this, the extent
of the flower bud formation for both
basal and scattered buds was scored
(Fig 1) NAA application for only 3 d
resulted in basal bud formation compar
able to that found m expiants cultured
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Figure 2 Comparison of bud formation between
application of 10 / Ш NAA during different
periods and different NAA concentrations during
the whole culture period Expiants were cultured
for 0-360 h on medium containing 10/M of both
NAA and then transferred to medium without
NAA (A) or for 360 h on medium containing
different concentrations of NAA (0 045-10 μΜ)
BAP was 1 μΜ throughout After 15 d, the
number of basal M and scattered (o) buds was
scored Ten expiants per treatment LSD (vertical
bar) does not apply to total number of buds (*)
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continuously on NAA
For scattered
buds, this period was almost twice as
long, namely 5-6 d Apparently, applica
tion of the auxin was not required during
the whole culture period
The duration of application of BAP was
also varied BAP was required for a
shorter period, approximately 2 d, for
maximal bud formation to occur In
contrast to NAA basal and scattered bud
numbers increased synchronously with
increasing duration of BAP application
The shorter need for NAA application of
basal bud formation may indicate a faster
accumulation of the necessary internal
concentration at the basal edge This
could mean that a certain threshold must
be reached for regeneration to proceed
However, polar transport might also lead
to a faster accumulation of a sufficient
dose at the basal edge To discriminate
between these possibilities the applica
tion period was varied at a NAA con
centration which is supraoptimal during
continuous culture If the dose is the
critical factor, then the optimal dose will
be reached after short applications, and a
supraoptimal dose after longer or con
tinuous application
Therefore, expiants were cultured for
different periods of time on 10 μΜ NAA
before transfer to medium without auxin
for the remaining period (Fig 2A) The
results were plotted on a logarithmic
time-scale to make the presentation
comparable to the concentration i/s
effect curve (Fig 2B)
Short applications of 10 μΜ NAA led to
high bud numbers, but prolonged mcuba-

tion was inhibitory Moreover subopti
mal optimal and supraoptimal applica
tion periods were shorter for basal bud
formation than for scattered bud forma
tion For instance, 6 h at 10 μΜ NAA
was optimal for basal bud formation,
whereas scattered buds needed 96 h at
this concentration

the scattered buds, the optimum in
creased from 1 μΜ NAA to 22 and
220
μΜ respectively Always, the
curves for basal buds were found at
lower medium concentrations than the
curves for scattered buds, just as was
the case during continuous culture (Fig
2B)

The bud number iss time curves in Fig
2A are very similar to the bud number i/s
concentration curves in Fig 2B This
suggests that the product of concent
ration and time is the determining factor
in regeneration

When expiants were continuously cul
tured no buds were formed above
22
μΜ NAA, and the expiants died at
concentrations above 100 μΜ

Variation of the NAA concentration and
the duration of application
To test how large the range of the
application period and the range of the
NAA concentration extended in which
flower bud regeneration could be in
duced, an experiment was set up in
which NAA was given to expiants at
concentrations between 0 045 and
450
μΜ, for different periods of time,
from 0 5 h to the whole culture period of
15 d (continuously) Basal (Fig ЗА) and
scattered (Fig 3B) bud numbers were
scored separately
For both groups of buds the concent
ration-response curve was found to shift
towards higher concentrations when the
period of treatment was shortened The
concentration at which a maximal num
ber of basal buds was formed, which
was 0 45 /iM NAA during continuous
culture, increased to 4 5 μΜ for a 12 h
treatment, and to 45 μΜ when the
hormone was given for only 0 5 h For

Endogenous NAA concentraùons after
different kinds of treatments
Since pulse applications of high NAA
concentrations led to bud regeneration
comparable to that obtained after continuous culture at lower NAA concentrations, the question arose how the
internal concentration of free NAA was
related to the concentration in the
medium and/or the amount of NAA taken
up To examine this, an experiment was
set up m which expiants received a
number of different treatments (Table 1),
to include suboptimal, optimal and
supraoptimal bud induction by either
continuous culture or pulse application of
NAA Uptake of NAA and the fraction of
the NAA remaining free (from which the
internal concentration of free NAA can
be calculated) were determined at different moments during the first 4 d of
culture The measurements for the continuous culture were done after 4 d The
measurements for the pulse appphcations were done twice at the end of the
pulse, and after a 2-d chase on medium
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without auxin
The amounts of NAA taken up greatly
varied, from 20 pmol (after 1 h applica
tion of 1 μ M NAA) to more than 30 000
pmol (after 2 d at 100 μΜ) The fraction
of the total amount of IMAA taken up
which remained as free NAA was, for all
measurements in expiants which had

M«

at

022 045

1

22

received NAA for more than 1 h bet
ween 1 2% and 4 8% of the total amount
taken up In the expiants cultured for only
1 h on NAA, more NAA was unbound
immediately after the pulse, because the
conjugation has not yet accelerated
(Chapter 4) Two days later the free
hormone comprised only a few percent
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Figure 3 Induction of flower bud formation
Expiants were cultured either continuously
12 h ( Δ ) on 1-450 μΜ NAA after which
1 μΜ throughout After 15 d, basal (A)
Twenty expiants per treatment Bar = LSD
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22

450

by diffeient applications of a range of NAA concentrations
on medium containing 0 04i>-10 μΜ NAA or for 0 5 h (о) or
these were transferred to medium without NAA BAP was
and scattered (B) flower bud numbers were determined

of the total amount of NAA taken up
The internal concentration at the optimal
treatments was in the range from 1 7 to
6 2 μΜ free NAA in all measurements
between 1 and 4 d of culture Suboptimal
treatments led to lower endogenous
amounts, 0 6 μΜ and lower, supraoptimal applications led to higher internal
concentrations, above 40 μΜ, in the
same period
In general, there was no relation bet
ween external NAA concentration and
internal concentration of free NAA Cul
ture on ι μΜ NAA, for instance, resulted

in a concentration of 7 5 μΜ free NAA
in the expiants after 1 h, 3 8 μΜ after 1
d, and only 17 μΜ after 4 d of
continuous culture And for culture on
100 μΜ NAA, 235 μΜ was found after
1 h, 143 μΜ after 1 d and 434

μΜ after

2 d of culture

DISCUSSION

The results presented here lead to two
conclusions (ι) the extent of the flower
bud regeneration induced by NAA on

Table 1 Dose concentration and fraction free NAA after different treatments Expiants were cultured
on medium containing different concentiations of NAA and 37-370 hBq 1-PH]NAA After the
incubations, dose of radioactivy taken up and the portion present as free were determined as well as
the fresh weight of the expiants From these data the internal concentration of free NAA was
calculated Each point is the mean of 2 samples of 10 expiants
Incubation
(Time and
concentration)

At the end of the pulse
Dose of
NAA
(pmol
explant 1 )

2 d later

% Free
NAA

Concen
tration of
free NAA
(pmol
mgfw 1 )

% Free
NAA

Concen
tration of
free NAA
(pmol
mg fw 1)

3 4 ±0 3
12 ±0 2
75 0 ± 4 8
4 1 ±0 4

06 + 01
01±00
75±13
38 + 0 4

1 2±03

01±00

47±05
1 4+01

03±01
06±01

32±01
09±00
43 ±3 3

1 7±00
60±06
235+ 34

1 8±04
1 3±02

62 + 1 1
4 6 ±0 7

23±09
4 8 ±3 6

143 ± 56
434 ±320

1 5±04
1 6±04

47 9 ± 1 2 5
72 3 ± 1 7 7

Suboptimal for bud regenerat/on
1 d 0 1 μΜ NAA
4 d 0 1 μΜ NAA
1 h 1 μΜ NAA
1 d 1 μΜ NAA

26±0
64±0
20 + 3
219 ±56

Optimal'to/ bud regeneration
4 d 1 μΜ NAA
1 d 10μΜ NAA
1 h 100 μΜ NAA

526 ±27
2180±91
1440 ±86

Supraoptimal for bud regeneration
1 d 100 μΜ NAA
2 d 100 μΜΝΑΑ

18090 + 1281
33733 +4778
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tobacco explants is dependent on the
product of hormone concentration and
application period, ι e on the dose of
hormone, and (и) the internal concent
ration of free NAA is related to the dose
taken up
That the dose of hormone is the deter
mining factor becomes clear from the
results in Figs 2 and 3 Variation of the
continuously applied concentration (Fig
2B) and variation of the duration of the
application at a fixed concentration (Fig
2A) led to similar optimum curves for the
effect of NAA on the formation of the
two groups of buds In the two curves,
the optimum for basal buds is obtained
at a lower medium concentration or a
shorter application period, respectively,
compared to that for scattered buds The
curves obtained by independently vary
ing hormone concentration and applica
tion time (Figs ЗА and 3B) allow to
determine the quantitative relation bet
ween concentration and application
period for the induction of a certain
effect The suboptimal and supraoptimal
NAA concentrations at 50% induction
and 50% inhibition were estimated by
interpolation and plotted against the
corresponding time intervals
The relationship between concentration
and duration of application was fitted by
a straight line by the least squares
method (Figs 4A and 4B) The slope of
the lines indicated that a ten-fold in
crease m the concentration applied led
to a reduction in time necessary for 50%
effect which was approximately ten-fold
for the scattered buds, and a little more

54

for the basal buds Neither of the lines
was significantly different from the oth
ers
This suggests a one-to-one relation
between time and concentration with
respect to the induction of bud forma
tion
The relation between application period
and applied NAA concentration only
holds for a limited period of time
Application of 1 μΜ for longer periods
than minimally required, does not inhibit
bud regeneration (Fig 1) It is assumed
that initiation of the buds takes place
during the first week of culture (Van den
Ende et al 1984b, Smulders et al 1988a),
so that during the second week of
culture only further growth and develop
ment of structures is taking place
Apparently, application of NAA during
this period does not lead to renewed
induction of flower primordia and is not
required for the outgrowth of the pre
sumptive buds
It is proposed here that the accumulated
dose regulates flower bud regeneration
by maintaining a certain internal con
centration during the initiation period
The level of this concentration depends
on the amount of hormone taken up, the
equilibrium between bound and free
NAA, and the growth of the expiants
(Table 1) A stable NAA concentration in
the medium throughout the initiation
period is not required and, therefore,
there is no fixed relation between inter
nal and external concentration
A mechanism for a steady-state level of
NAA inside the tissue is provided by the
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Figure 4 Relation of hormone concentration and lenght of application with respect to flower bud
induction From curves as in Fig 2, the concentrations for 50% stimufation and 50% inhibition were
interpolated These were plotted against the time required for these 50% responses, and a line was fit
through the points A 50% stimulation (o) and inhibition (o) for basal buds, В for scattered buds
Formula of the lines in this order log(y)=-6 56-1 25log(x) (r=0 92), log(y)=-4 50-1 l7log(x) (i=0 97),
log(y)=-494-1 02log(x) (r-0 93), log(y)= 3 57-105logM (r=0 91) where у - Time (h) and χ =
Concentration of NAA (M)

release of free auxin from conjugates
(Hangarter and Good 1981; Biaiek et al.
1983, Chapter 4) In tobacco expiants,
the fraction of free NAA is 1-4% of the
total amount taken up during 1 or 2 d of
continuous application (Chapter 4).
Steady fractions of free 1AA relative to
the total amount taken up have also
been found by Biaiek et al (1983) and
Wernicke and Milkovits (1987)
In the tobacco expiants used here, the
equilibrium between conjugation and
release led to free NAA concentrations
between l 7 and 6 2 μΜ during incuba
tions leading to optimal bud induction
The concentrations during suboptimal
bud induction were lower, and those for
suboptimal bud formation higher

During the first hours of culture, espe
cially as a result of pulse applications of
high NAA concentrations, peak concent
rations of e g 235 μΜ were measured
These were apparently not inhibitory for
regeneration, may be because these
high concentrations were present for a
very short period (Chapter 4) Alterna
tively, the expiants are not sensitive to
auxin immediately after excission.
In conclusion, bud formation in tobacco
expiants is induced by the dose of NAA.
This dose in combination with the rever
sible conversion of the hormone into
metabolites, is responsible for the main
tenance of a steady auxin level at least
during the initiation period
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PART II

Role of the sensitivity
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CHAPTER 6

The concentration of 1-naphthaleneacetic acid in
the tissue and the sensitivity of the tissue towards
the hormone determine the extent of flower bud
regeneration in excised tobacco

ABSTRACT
Expiants from tobacco {Nicotiana tabacum L ) pedicels regenerate flower buds
on a medium containing ΐμΜ 1-naphthaleneacetic acid (NAA) The number of
buds formed decreased when the
expiants were premcubated on auxinfree medium prior to exposure to NAA
The reduction in bud number after 2 and
4 d of preincubation was caused by a
decrease in the internal concentration of
free NAA that built up after auxin appli
cation This decrease was due to a
reduced uptake of NAA per mg fresh
weight and to an increased conjugation
of the free hormone inside the tissue
The negative effect of 2-d and 4-d
preincubations was abolished when the
hormone concentration in the NAAcontammg medium was raised After 10 d
of preincubation no buds were formed
irrespective of the NAA concentration
subsequently supplied It was concluded
that the competence of the tissue to
regenerate buds is lost after long pre
incubations in the absence of auxin

INTRODUCTION
The response of tissues to applied hor
mones

is

determined by the

actual

concentration of hormone at the target
site and by the sensitivity of the tissue to
the hormone In most cases correlations
between hormone concentration and
effect have been found to exist between
the concentration of applied hormone in
the medium and the effect Concen
trations of hormone in the tissue have
rarely been measured Only a few critical
studies have been made to evaluate the
contribution of concentration and sensiti
vity to the regulation of development tn
plant tissue They have led to different
views on the relative importance of the
two factors (e g Trewavas 1983 1987
Cleland 1983) Trewavas (1983) argued
that in excised tissues a declined capa
city to regenerate organs is related to a
lower sensitivity to growth substances
rather than to declined concentrations of
hormone In accordance with this con
tention are results such as those from
Wernicke and Milkovits (1987) who
found for different parts of the wheat leaf
cultured /n vitro that the less responsive
tissues took up the largest amounts of
auxin In favour of the view that the
concentration of hormone is also impor-
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tant (Geland 1983) are results such as
those from Bandurski et al (1977) who
found a nice correlation between the
decrease in the concentration of free IAA
and the reduction m the growth rate of
maize seedlings as a result of a light
exposure
in the present chapter, it was investiga
ted to what extent concentration of
auxin and sensitivity to auxin are regulat
ing factors of flower bud regeneration in
superficial expiants of tobacco (Tran
Thanh Van 1973b, Van den Ende et al
1984a) In these expiants the number of
flower buds can be regulated by the level
of NAA in the medium (Chapters 2 and
3) In preliminary experiments we obser
ved that a preincubation of freshly cut
expiants in the absence of auxin sharply
decreased the number of buds that
regenerated upon transfer to medium
with auxin One explanation might be
that cultunng in the absence of auxin
reduces the competence of the tissue to
regenerate buds Alternatively, the level
of active hormone that is established in
the expiant upon application of NAA may
be lower m premcubated than in freshlycut expiants These possibilities are not
mutually exclusive since both changes
could occur at the same time
The internal concentration of NAA will be
determined in the tissues NAA is taken
up by the tissue in large amounts and
does not leak back to the medium
(Chapter 2) Since NAA conjugates are
generally thought to be inactive (Cohen
and Bandurski 1982, Greenwood et al
1974), the concentration of free hormone
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is the factor involved in the regulation of
the physiological response To check for
loss of competence the maximum
obtainable amount of flower bud regene
ration will be determined at various
concentrations of NAA

MATERIALS AND METHODS
Plants of Ntcotiana tabacum L cv Samsun were grown in the greenhouse
according to Van den Ende et al
(1984a) Thin-layer explants were cul
tured as descnbed in Chapter 2 Where
indicated the expiants were precultured
on medium without NAA, and afterwards
transfered to medium containing NAA
Bud numbers were transformed and
evaluated according to Van den Ende et
ai (1984a) Measurements of uptake of
NAA were performed as described
before (Chapter 2) Free NAA and meta
bolites were determined after separation
by TLC as described m Chapter 4

RESULTS
Effect of auxin deprivation
When expiants were premcubated on
NAA-free medium for various periods of
time prior to transfer to medium contain
ing 1 μ Μ NAA the number of regenera
ted flower buds decreased with the
duration of the preincubation (Fig 1)
Only sporadically buds developed on
expiants premcubated for 10 d or more
Metaòó/ism of NAA
To examine whether this loss in response to NAA was caused by a reduced
concentration of free NAA in the

explants, we started to investigate NAA
metabolism in the explants Explants
were cultured for different periods of
time on medium containing 1 jttM
t^CJNAA
After the incubation, the
radioactivity taken up was extracted and
separated by TLC Figure 2 illustrates
that NAA was well separated from its
metabolites It also shows that, during
culture, NAA was quickly metabolized
into various metabolites
The course of the internal concentration
of free NAA during continuous culture
was determined m explants cultured on
medium containing 1 / Ш NAA and
[3H]NAA for a number of different
periods The concentration of free NAA
as calculated from uptake, fresh weight
of the expiants and the fraction of the
radioactivity that was recovered in the
free hormone, remained at a level of 3-4
pmol mg fw- 1 during culture (Fig 3) Thus
the actual concentration in the expiants
remained at the same level while the
expiants continued to take up NAA from
the medium, and increased in fresh
weight (Smulders et a! 1988a) This
means that the concentration measured
at any time during culture, is a good
indication of the concentration during the
whole period
Effect of premcubattons on the /eve/of
free Al A A
To establish the effect of preincubation
for different periods on the level of free
NAA in the expiants, the internal con
centration of free NAA was determined 6
h after transfer to medium containing ι μ

0

2
4
7
TIME BEFORE TRANSFER|d)

10

Figure 1 Flowei: bud formation and internal
concentration of free 1-NAA in expiants after
different periods of preincubation without NAA
Expiants were cultured for 0-10 days on
medium without NAA and then transferred to
medium with 1 / Ш NAA After anothei 10 d
flowei buds weie counted (solid line) Bar
indicates LSD foi the bud numbers (20 explants
per treatment) Other expiants were transfored to
medium containing 1 / Ш NAA and 144 kBq
[3H]NAA After 6 h, expiants were weighed
uptake was measured and radioactivity was
extiacted and separated on TLC After autoladiography scraping off the spots and ladioactivity counting, the percentage of radioactivity
pi osent as free NAA was determined, and the
internal concentration was calculated (dotted
line) Each point is the mean of 3 samples of 5
expiants SEM

M NAA and [ 3 H]NAA The internal con
centration was found to decrease with
the length of preincubation (Fig 1) The
decline in concentration correlated well
with the decrease in bud regeneration
after 10 d of culture The internal con
centration was also determined after 24
h of incubation on NAA and, as oxpec-
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ted showed the same decline (not
shown)
Table 1 shows to what extent uptake and
metabolism of NAA and fresh weight of
the expiants contributed to this dimin
ished internal concentration After short
preincubations (2 and 4 d) the uptake
per expiant was higher compared to that
of freshly cut expiants
However
expressed per unit fresh weight the
uptake was approximately 20oo lower

-«Front
-NAA

m *

-«NAA-Gtucoside

IPIP^NAA-Aspartate
m -«Metabolite 1
-Metabolite 2
-Metabolite 3
-«Metabolite l*
. -Origin
1 2

3 4

Figure 2 Conjugation of NAA Expiants were
cultured during different periods of time on 1 μ,Μ
(Ь2 kBq) [14C]NAA After the incubation the
expiants were extracted and the radioactive
compounds were separated by TLC and visual
ized autoradiography Lane 1 2 h of culture
lane 2 6 h, lane 3 24 h lane 4 96 h
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The increased conjugation caused a
reduction of about 40oo of the free NAA
level and was therefore the major cause
for the reduced internal concentration
after preincubation in the absence of
auxin
After longer preincubation (7 and 10 d)
when hardly any bud regeneration occur
red diminished uptake per expiant and a
much ntgher fresh weight were the
factors responsible for the low internal
NAA concentration Conjugation was of
less importance since the proportion of
free NAA relative to the total amount
taken up was almost the same as in the
expiants which had not been preincubated
Restoration of f ίο wer buo'regeneration
If the decrease in internal concentration
of free NAA is responsible for the
decrease in bud regeneration a rise of
this internal level by application of a
higher NAA concentration in the medium
should increase the level of regeneration
To test this expiants premcubated with
out NAA were subsequently cultured on
a range of NAA concentrations Figure 4
shows that upon prolonged preincuba
tion, the optimum concentration for bud
regeneration shifted from 0 45μΜ for the
non-premcubated control to l μΜ after 4
d and to 2 2 μΜ after 7 d of preculture
However since the maximal number of
regenerated buds became increasingly
lower the effect was limited No buds
regenerated after 10 or more days of
preculture on any NAA concentration

DISCUSSION
Both hormone concentration (Cleland
1983) and sensitivity towards the hor
mone (Trewavas 1983, 1987) were found
to determine the extent of regeneration
in our system When freshly cut expiants
from flower stalks of tobacco were
premcubated on medium without NAA
prior to culture on 1 μΜ NAA, the number
of regenerated buds decreased with the
duration of preincubation (Fig i) This
diminished regeneration was partly
caused by a decrease in the internal
concentration of free NAA This is shown
both by direct measurement of the levels
of free NAA (Fig 1) and by the shift in
the maximum regeneration towards hig
her NAA concentrations tn the medium
(Fig 4) In addition, the decrease in
regeneration was also the result of a
decrease in the capacity of the tissue to

form buds, since an increase in the NAA
concentration did not fully restore
regeneration the maximum number of
buds at the optimum concentration
became lower (Fig 4)
Four physiological factors determine the
endogenous NAA concentration growth,
uptake, and metabolism (Cohen and
Bandurski 1982) as well as transport
(Smulders et al 1988b) The explants
increased in fresh weight during culture
on medium without auxin, but containing
cytokmin and glucose (Table 1) This
caused the NAA concentration after 6 h
of hormone application to be lower even
m tissues that had a higher uptake rate
per expiant The uptake rate became
lower after prolonged preculture This
was remarkable, since the expiants had
grown considerably and would be
expected to have been a stronger sink
than smaller expiants The rate of NAA
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Figure 3 Endogenous levels of fiée NAA Expiants weie cultuied on 1 μΜ NAA with 37~3?0 kBq
f3H]NAA After different periods of incubation fresh weight and uptake of ladioactivity weie moasuied
in 5 samples of 2 expiants and the fraction of free NAA was determined m 3 samples of 7 expiants
The amounts of free NAA were calculated fiom these two measurements, and expressed as pmol pei
explant (о) and pmol por mg fresh weight (χ)
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conjugation was higher alter 2 and 4
days of preincubation than in freshly cut
expiants, which resulted in increased
levels of conjugates and less free IMAA
(Table 1). For these two periods of
preincubation, the altered metabolism
was the mam factor responsible for the
lower internal concentration of free hor mone The metabolism was found to
differ already after 6 h of culture without
auxin (unpublished results) The decrease
in the internal concentration of free NAA
was also measured after 24 h of culture
on NAA (not shown) This supports the
assumption that the concentration stays
at a rather stable level in premcubated
expiants, like in freshly-cut tissues (Fig
2)
Restoration of the bud regeneration was
found when the premcubated expiants
were subsequently cultured on higher
concentrations of NAA This suggests
that the treatment raised the internal
concentration to a level similar to that
found m freshly-cut expiants One argu
ment for this is that the uptake of NAA

increases linearly with the medium con
centration (Smulders et al 1988a) More
over, the concentration-dependent rela
tion between the numbers of polar and
scattered buds, due to polar transport of
NAA in the expiants (Smulders et al
1988b), also shifted towards higher
medium concentrations (results not
shown in Fig 4)
The competence of the tissue to react to
NAA by regenerating buds diminished
upon prolonged preincubation This was
clearly shown by the reduction in the
maximum bud number that could be
obtained at any hormone concentration
(Fig 4) This represents a loss of sensiti
vity to the hormone, in the sense that the
reaction is changed by other means than
the concentration of hormone at the
target site (Trewavas 1983 Salisbury et
al 1988) A mechanism of this irrever
sible loss m regenerative capacity after
prolonged preincubation is not easily
given A loss of capacity to grow was
not involved since the expiants grew
during the preculture (Table I), and the

Table 1 Effect of the time of preincubation without auxin on uptake, and conjugation of NAA, the
fresh weight of the expiants and the internal concenlidtion of free NAA, as measured 6 h after transfer
to NAA-contaming medium In brackets amounts relative to 0 d Other legends as in Fig 1
Duration of
preincu
bation
(d)

Total amount
of NAA taken
up (pmol
explant-1)

Fresh weight
(mg
explant-')

Fraction
free NAA
(% of total)

Internal
concentration
of free NAA
(pmol mg fw-1)

0
2
4
7
10

52 2 ± 1 2 (100)
724*22 (139)
61 7 ±4 4 (118)
25 2 Х2Ъ( 48)
17 1 і.\Ъ( 33)

1 4 ± 0 2 (100)
2 5 ± 0 0 (ІГв)
2 0 ± 0 0 (143)
4 3 ± 0 2 (307)
8 3 ± 0 7 (593)

26 7 ± 7 0 (WO)
170 ±1 3 (64)
158 ± 4 0 ^ Ä ^
28 0 ±2 8 (IOS)
23 5 ±4 2 ( 88)

108
41
50
16

±07
±04
±13
±02

05

±01
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Figure 4 Restoration of bud regeneration by elevated levels of NAA Expiants were cultured for Ο (χ),
4 (о), 7 (£} or 10 (^ d on medium without NAA and then transfered to medium containing 0 045-22μΜ
of NAA 14 d after transfer, the number of flower buds was determined Each point is the mean of 10
expiants Bar = LSD

longer the expiants had been premcubated, the more weight they gained after
transfer to auxin-containing medium (not
shown).
In conclusion, the decrease of bud
regeneration by preincubation without
hormone prior to culture on NAA was, in
first instance, due to a modification of
uptake and metabolism of the hormone
In this way, the response was lowered
ш the level of hormone The tissue was
not less sensitive to the internal hor
mone concentration, although more NAA

had to be supplied exogenously for the
same effect This caused a shift in the
concentration-response curve towards
higher medium concentrations
After longer preincubations, the tissue
lost capacity to regenerate buds as it
became less sensitive towards the same
internal hormone concentration There
fore, regulation of the level of response
by both hormone concentration and
sensitivity has been established in one
system

CHAPTER 7

Role of ethylene in auxin-induced flower bud
formation in tobacco expiants. I. Ethylene exerts
both a stimulatory and an inhibitory effect on
regeneration

ABSTRACT
The effect of ethylene on in vitro flower
bud formation in thin-layer expiants from
tobacco [A/icotiana tabacum L cv Samsun) was studied by ethylene application
Also, endogenous ethylene production
was stimulated by 1-aminocyclopropane-l -carboxylic acid (ACC) and in
hibited by aminovinylglycme (AVG),
resulting in more and less accumulation
of ethylene In the presence of an
elevated ethylene concentration, the
number of flower buds formed after 7 d
of culture m expiants was increased
compared to the control Treatment with
AVG resulted in decreased bud numbers
after 7 d of culture A quite different
effect of ethylene became visible after
14 d of culture, when regeneration was
complete Treatment with AVG led to
more bud regeneration, and increasing
ethylene concentrations to increasingly
lower bud numbers The inhibitory effect
was pronounced m expiants cultured on
low concentrations of NAA (under ΐ μ
M), but hardly visible at higher NAA
concentrations This indicates that ethy
lene action is, at least partly, mediated
by NAA The interaction could not be
attributed to a modification of the internal
concentration of NAA. since neither NAA
uptake nor conversion into conjugates
were affected by ethylene In contrast,

endogenous production of ethylene was
enhanced by high concentrations of
NAA Since addition of ethylene had no
effect on bud regeneration at these NAA
concentrations, it appears that the inter
action of NAA and ethylene consists of a
mutual reduction of the sensitivity of the
tissue towards the other hormone

INTRODUCTION
Ethylene influences differentiation and
regeneration in vitro in different direc
tions (Abeles 1973, Lieberman 1979)
Shoot regeneration in callus of sunflower
(Paterson-Robmson and Adams 1987)
and tobacco (Huxter et al 1981), and
somatic embryogenesis in Daucus carota
(Wochok and Wctherell 1971) have been
reported to be inhibited by ethylene On
the other hand, shoot formation on rice
callus (Cornejo-Martm et al 1979) bulb
formation on bulb-scale expiants of lily
(Van Aartrijk et al 1985) and root forma
tion on mung bean cuttings (Robbms et
al 1985) are stimulated by ethylene
Auxin stimulates the accumulation of
ethylene in some tissues (Kang et al
67

1971. Sakai and Imaseki 1971 Abeles
1973 Yu and Yang 1979) presumably by
inducing ACC synîhetase{s) (Yoshi and
Imaseki 1981 Smith and Hall 1984) Such
a stimulation has also been found in
tissues cultured in vitro, e g in bulbscale expiants of lily (Van Aartrijk et al
1985) and in tobacco callus (Huxter et al
1979) This could mean that some auxin
effects on regeneration are mediated at
least partly, by ethylene
In turn, ethylene has been reported to
affect auxin uptake transport and/or
metabolism thereby reducing the level
of free active auxin in the tissue (Beyer
and Morgan 1969) As a result ethylene
lowers the effecttvity of exogenously
supplied auxin
In this chapter, the effects of ethylene in
auxin-regulated flower bud formation
(Smulders et al 1988a) in thin-layer
explants of tobacco (Tran Thanh Van
1973b, Van den Ende et al 1984a) are
described The expiants are well suited
for a study of the involvement of ethylene m regeneration, because they consist of only few cell layers (Van den
Ende 1984b, Wilms and Sassen 1987),
which allows rapid diffusion of ethylene
gas in and out of the tissue The effects
of the auxin NAA on regeneration in
these expiants have been described
previously (Chapter 2)
The question was to what extent ethylene is involved in the auxin-induced
regeneration in this system, and, if so,
how the two hormones interact The
interaction at the level of concentration
was studied by determining the effects
68

of applied NAA on endogenous ethylene
synthesis and of applied ethylene on
NAA uptake and metabolism The effect
of ethylene on auxin action was also
investigated
Auxin levels were varied by incubating
the tissue at a range of NAA concentrations Ethylene levels were varied by
application of ACC the natural precursor
of ethylene (Adams and Yang 1979
Cameron et al 1979 Lurssen et al
1979) by the use of AVG which is
known to inhibit the formation of ACC in
vivo (Lieberman et al 1975 Yu and Yang
1979), and by application of different
concentrations of ethylene in the culture
vessel

MATERIALS AND METHODS
Plant and tissue culture
Plants of Nicotiana tabacum L cv Samsun were raised from seeds in the
greenhouse under controlled conditions
at a photopenod of 16 h The daylight
was supplemented when necessary with
artificial light at 200 Wm 2 from 400 W
Philips PL-78 high pressure sodium
lamps Expiants were cultured as described previously (Chapter 2) Where AVG
and ACC were used, they were applied
after sterilization of the medium Floral
bud numbers were scored after 7, 10 and
14 days of culture The results are
presented and evaluated after the
logarithmic transformation Infbud number
+ 2) (Van den Ende et al 1984a)

Ethylene measurements and treatments
For measuring ethylene production,
expiants were cultured in 30-mt air-tight
bottles containing 5 ml medium and 3

explants per bottle Every 24 h. 1-ml air
samples were taken through the septa of
the bottles, and the ethylene was deter
mined by gas chromatography on a
Porapak Q column (mesh 120) at 60 0 C,
with N 2 as a carrier flowing at 30
ml mm-1 through a Valco sampling valve
The detection limit was 4 ni M After
sampling, the bottles were fluxed with
several volumes of medicinal air (Hoek
Loos) via a sterile filter until no ethylene
could be detected, and the expiants
were allowed to accumulate ethylene for
another 24 h
For studies concerning the effect of
ethylene gas on bud formation, expiants
were cultured in open Petri dishes placed
in stenle 2 I desiccators Ethylene gas at
fixed concentrations (Aga Gas) or medi
cinal air were fluxed daily through the
desiccator via a sterile filter (0 2 μΜ,
Schleicher and Schuell) Air samples
were taken from the desiccator via a
septum at regular intervals to check that
no (additional) accumulation of ethylene
occurred within the 24-h periods
ñ/AA uptake and metabolism
To study the effect of ethylene on auxin
uptake and metabolism, expiants were
cultured on medium with unlabeled NAA
and 37-185 kBq pHJNAA (Amersharn.
specific activity 185 GBq mmol 1) in
desiccators, and ethylene gas was fluxed
through daily as described above. After
the incubation, uptake was measured as
described in Chapter 2, and the distribution of the radioactivity over free hor
mone and conjugates as described in
Chapter 4

RESULTS
Effects of encfogenous ethylene on
flower bud formation

To investigate whether ethylene accumulation in the explanted tissue influenced flower bud formation, we modified
the endogenous production ACC was
used to stimulate, and AVG to inhibit
endogenous ethylene synthesis Preliminary experiments indicated that 1 μΜ
ACC and 1 μΜ AVG gave the maximum
effect on flower bud regeneration, higher
concentrations were toxic (not shown)
Therefore, a concentration of 1 μΜ was
used
When expiants were cultured on a range
of NAA concentrations in the presence
of 1 μΜ AVG (Fig 1). the number of
flower buds that had developed after 7 d
was significantly lower compared to the
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Figure 1 Effect of AVG on flower bud formation
Expiants were cultured on a range of NAA
concentrations with (dotted lines) or without
(straight lines) 1 μΜ AVG Flower buds were
counted after ! (o · ) and 14 (v •) d of culture
20 expiants per treatment Bars lepresent LSD
for the two measurements separately
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Figure 2 Effect of ACC on fiowei bud formation
Explants were cultured on a range of NAA
concentrations with (dotted lines) or without
(straight lines) 1 μΜ ACC Fiowei buds weie
counted after 7 (o · ) and 14 M ) d of culture 20
expiants per treatment Bai s represent LSD foi
the two measurements
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Figuie 3 Effect of ACC and AVQ on ethylene
production Explants were cultured m groups of
three on 0 22 (upper row) οι 1 (lower row) μΜ
NAA in sealed flasks and ethylene was mea
sured as described in Materials and methods
White bars are the values for the control expiants
cultured under air Shaded bars indicate the
ethylene synthesis on media containing ι μΜ
ACC (left boxes) or 1 / Ш AVG (right boxes)
Each point ts the mean of 5 samples ± SEM
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control expiants After 10 d the number
of buds was only slightly lower (not
shown) A slight positive effect on bud
regeneration became apparent after 14 d
of culture, when the regeneration of buds
was complete In the presence of AVG
buds were sporadically found after 14 d
at 0 01 and О 022 μΜ of NAA. concent
rations at which under normal culture
conditions regeneration of flower buds
has never been observed (not shown)
Thus AVG stimulated the final regene
ration but made tne buds appear later
The opposite effects were found for
ACC (Fig 2) 1 μΜ ACC increased the
number of buds formed after 7 d of
culture but decreased the final number
of buds at low concentrations of NAA as
compared to the control Thus ACC
reduced the flower bud formation but
made the buds appear earlier

When the effects of AVG and ACC
treatments on the ethylene synthesis
were determined (Fig 3) it was found
that ACC stimulated, and that AVG
inhibited the release of ethylene at о 22
and 1 μΜ NAA However the inhibitory
effect of AVG became noticeable only
after the first d of culture and the
stimulatory effect of ACC only after 2-3
d For induction of the flower buds the
presence of 1 μΜ NAA in the medium is
necessary only during the first 4 d of
culture (Smulders et al 1988a) There
fore the possibility arose that ethylene
accumulating before AVG and ACC star-

ted to be effective, could have affected
bud regeneration
Ethylene applied from the onset of
culture would be expected to affect
regeneration at an early stage There
fore, expiants were cultured at the opti
mal concentration of 1 μΜ NAA in
desiccators under medicinal air or dif
ferent concentrations of ethylene Fig 4
shows the number of buds which were
visible after 7 10 and 14 d of culture at ΐ μ
M NAA Continuous culture under 0 5μ,
11 1 ethylene had a dual effect It signifi
cantly stimulated bud formation after 7 d
of culture compared to the control
expiants under air whereas after 14 d
regeneration appeared to be reduced
This dual effect was comparable to that
of ACC (Fig. 2). Higher ethylene con
centrations resulted in decreased bud
numbers compared to the control after
all culture periods, with increasing con
centrations leading to a stronger reduc
tion in regeneration
Effect of NAA on Ihe endogenous
ethy tene production
The ethylene production data at 0 22 and
1 μΜ NAA in Figure 3 suggest that the
endogenous ethylene production may be
influenced by the concentration of NAA
To examine this further, expiants were
cultured in gas-tight glass vessels on
different concentrations of NAA
Cutting the expiants caused an NAAmdependent evolution of wound ethy
lene during 3 h During the normal tissue
culture procedure, this burst of ethylene
takes place while the expiants are still

0 05 U 5 10

0 flStO 5 10
[CjHJUil I"')

0 05 10 5 10

Figure 4 Effect of ethylene on flower bud
formation Expiants were cultured at 1 μΜ NAA
under air, 0 5 1.5 or 10μι M ethylene gas After
ì 10 and 14 d of culture the number ot flowei
buds was determined 20 expiants per tieatment
Bars represent LSD for the three measurements

being handled in the lamm-air flow
cabinet, and the wound ethylene was
thus not expected to have an influence
on bud regeneration To exclude this
ethylene evolution, the measurements of
ethylene accumulation during the first d
started 3 h after excission of the tissue
Ethylene was allowed to accumulate for
consecutive periods of 24 h (Fig 5)
Expiants produced ethylene especially
during the first part of culture The period
during which ethylene was released at a
relatively high rate depended on the NAA
concentration in the medium At О 22 μΜ
NAA, production was only detectable
during the first two days At 1 μΜ NAA,
relatively high amounts were produced
during 3 days At 4 5 μΜ NAA, produc
tion started at the second day of culture,
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Figuie 5 Pioduction of ethylene Expiants weie cultured at 0?? iwhite bars) 1 (shaded bars) οι 4 5
(black bars)¿tM NAA Each ?4 h a sample of the a.i was taken and ethylene was determined as
described in Mateiials and Methods Each point is the mean of 6 samples! SEM

but stayed ai a high level during the
following 6-7 days The maximum pro
duction at this concentration was 0 09
rmol ethylene per mg tresh weight per
24 h
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Figure 6 Effect of ethvlene on the induction of
flower buds by NAA Expiants were cultuied on a
range of NAA concentrations under air (A) 1 (v)
or 10 (ο)μΐΙ ' ethylene After 14 d flower buds
were counted 20 expiants per treatment Bar *
LSD
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Later on ethylene production expressed
per unit fresh weight gradually dimin
ished to a low level The absolute
production levels per expiants also
decreased in this period (not shown)
Ethylene inhibited its own synthesis The
final concentration in closed flasks in
which expiants were cultured on 4 5 / Ш
NAA and from which ethylene was not
daily removed reached a steady-state
level of approximately 2 5 nl I 1 after
several days
Effect of ethylene on the endogenous
NAA concentration
The question if ethylene affects the level
of NAA in the expiants was studied by

determining NAA uptake and metabolism
under both normal culture conditions and
under an inhibitory ethylene concent
ration of 1 μ\ Η
The uptake of NAA at 0 22 and 1 μΜ
during 6 24 or 96 h was not affected by
ethylene (Table 1) Metabolism of NAA
was also measured at different periods
of incubation Neither after 6 h (Table 2}
nor after 24 and 96 h (not shown) there
was any influence of ethylene on the
distribution of radioactivity over free NAA
and its metabolites As a consequence
the internal concentration of free NAA is
not affected by ethylene
EthyJertó effects on NAA-induceo'f/ower
bud formation
In addition to the interaction at the level
of the hormone concentration
interaction between ethylene and NAA might
also take place at the level of the
physiological response To determine
whether ethylene reduces bud regeneration in the whole range of effective

NAA concentrations (Smulders et al
1988a) explants were cultured under air
1 or 10 μΙ I 1 ethylene and at NAA
concentrations from 0 1 to 10 μΜ NAA
Ethylene strongly inhibited bud regene
ration at 0 22 and 0 45 μΜ NAA
but
even the highest concentration
of
10 μΐ Γ ethylene could not decrease the
regeneration at 4 5 μΜ NAA (Fig 6)

DISCUSSION
Ethylene had a dual effect on flower bud
regeneration in tobacco expiants and
the effects were distinct in time Ethy
lene stimulated early bud formation, but
reduced the final number of buds formed
Interaction of NAA with ethylene biosyn
thesis led to prolonged ethylene evolu
tion at high NAA concentrations while
ethylene did not interfere with the level
of NAA However the ethylene produced
did interfere with the effect of NAA by

Table 1 Effect of ethylene on uptakp of NAA Expiants were cultured for 6 ?A and 96 h on medium
containing 0 22 or 1 μΜ NAA and 37-148 kBq [ΊΗ]ΝΑΑ The Petn dishes weie cultuied eithei under
1 11-' ethylene gas in desiccators which were daily fluxed {+} oi directly in the giowth chamber (-)
The desiccators weie fluxed daily with several volumes of ethylene Aftei the incubation the amount
of radioactivity was determined and uptake was calculated Means of 7 (6 and 96 h incubations) or 14
samples of 1 (96 h) or 2 explants ± SEM

Incu
bation
(h)

Etl lylene
(1 II ')

6~
ч

24

-

+
96

-

+

NAA uptake (pmol expiant ')
0 22μΜΝΑΑ ~~

1 μΜ N Ä Ä "

85
64
25 I
27 8
1133
115 6

30 5
273
148 7
149 9
682 2
5?? 9

± 1 0
± 08
* 1 2
±08
± 54
±16 0

± 03
i 1 0
±47
±51
±55 0
±33 1
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inhibiting the regeneration at low concentrations of NAA
The interactions that took place between
NAA and ethylene with respect to the
hormone concentration are visualized ¡n
Fig. 5 and Tables 1 and 2 NAA has a
direct effect on the production of ethy
lene In response to a low NAA concent
ration, the tissue produced ethylene only
for a short time after the onset of culture
In contrast a high concentration of NAA
caused enhanced ethylene synthesis for
several days (Fig 5)
There was no effect of ethylene on the
concentration of free NAA in the expiant
This was concluded from the observation
that application of exogenous ethylene
affected neither NAA uptake nor the
conversion into metabolites (Tables 1
and 2 cf Goren and Bucovac 1973) This
means that the effects of ethylene on
bud formation are not mediated by

alteration of the NAA level in the tissue
With respect to the interaction between
ethylene and auxin at the level of the
physiological response the following
questions must be answered what are
the effects of ethylene with respect to
NAA-mduced bud regeneration does
ethylene exert these effects directly or
wa auxin and to what extent does NAA
act via ethylene?
Ethylene had two effects on regeneration First ethylene either exogenously
applied at 0 5 μΙ Γ or synthosised from
applied ACC (Fig 3) stimulates the
number of flower buds that are visible
after 7 d of culture (Figs 2 and 4) No
stimulation was found at ethylene con
centrations of 1 μΙ M and higher Huxter
et al (1981) also found stimulation of
shoot pnmordia initiation in tobacco cal
lus at low concentrations of ethrel or
ACC and inhibition at high concent-

Table 2 Effect of ethylene on the metabolism of NAA Expiants were cultured on medium containing
0 22 or 1 jUM NAA and 148 kBq [3H]NAA for 6 h in Petn dishes placed in desiccatois undei 1 /All '
ethylene (+) or in desiccators under medicinal air (-) The desiccators were fluxed daily with several
volumes of ethylene gas or medicinal air Aftei the incubation ladioactivity was extracted and
seperated and the distribution of the radioactivity was determined Each measurement under
ethylene is the mean of 3-4 gioups of 10 expiants and a measurement in air the mean of 5-6
groups
Concentra Ethylene
tion of
ΝΑΑ(μΜ)

(1 μ ι 1"')

0 22

+
10

.
+

Distribution of the radioactivity (°o)
Free NAA

NAAGlucoside

NAA- "
Aspartate

Unidentified
Metab olitel

10 4 + 0 5
123 І 1 7

303*1 7

31± 04

44 ? ± 1 ?
46 8 * 0 9

103 ± 0 4
103 ± 1 2

310 + 12
29 6 ± 0 5

25 o i 1 a 2 8 ± 0 1
52±08
4 3±05

40 0 ± 3 8
43 4 ± 1 3

rations In addition it was found here
that treatment with AVG which led to
lower endogenous levels of ethylene
(Fig 3) resulted in decreased bud num
bers after 7 d of culture (Fig 1) The
enhancement of the early formation of
buds may be due to a stimulation of the
outgrowth of the pnmordia (Huxter et ai
1981) Ethylene may speed up cell divi
sion during the development of the
pnmordia The general effect of ethylene
on cell divisions, however, is inhibitory
(Evans 1984)
A second effect of ethylene visible after
14 d of culture was opposite to that
described above A reduction in ethylene
concentration by AVG (Fig 3) caused
the development of flower buds at NAA
concentrations below 0 1 μΜ Increasing
ethylene concentrations led to decreas
ing lower bud numbers (Figs 1 4 and 6)
The inhibitory effect was dependent on
the concentration of NAA in the medium
as was shown in experiments in which
the endogenous ethylene synthesis was
increased by ACC (Fig 3) or the endo
genous levels enhanced by addition of
ethylene (Fig 6) The reduction m bud
numbers was very significant m expiants
cultured at NAA concentrations under ΐ μ
M but thero was hardly any effect at
higher NAA concentrations Mulkey et al
(1982) and Van Aartnjk et al (1985) found
also the largest effect of ethylene below
1 μΜ NAA though in the latter case, the
effect was stimulating
Hoe does ethylene exert its action? The
observation that the ethylene-mduccd
decrease in regeneration is dependent

on the NAA concentration implies that
ethylene interacts with NAA Since the
endogenous NAA levels are not reduced
by ethylene, ethylene might affect the
sensitivity of the tissue towards auxin
The shift in the concentration KS res
ponse curve in Fig 6 is consistent with
this idea Further evidence for a reduced
sensitivity to auxin might be obtained by
studying the distribution of buds over the
expiants At low auxin concentrations
buds develop in a polar fashion at one
edge of the expiant (Smulders et al
1988b) At higher concentrations they
are scattered over the whole surface
Since the effect of ethylene is mainly
found at low NAA concentrations a
reduction in sensitivity to NAA might
more severely affect the polar than the
scattered bud formation This will be
described in the next Chapter
Finally there would be another type of
interaction between NAA and ethylene if
NAA would exert its effect i//â ethylene
High NAA concentrations lead to a long
period of ethylene synthesis (Fig 5) If a
high ethylene level would inhibit the
outgrowth of flower buds in the second
part of the culture then the reduction of
bud regeneration at NAA concentrations
above 1 μΜ could be partly mediated by
ethylene
However if the reduction in bud number
at supraoptimal NAA concentrations
were actually due to NAA-mduced ethy
lene synthesis application of high levels
of ethylene to expiants would either
reduce the regeneration at all NAA
concentrations more or less equally or
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reduce regeneration mostly at high NAA
concentrations since in these expiants
there is extra ethylene produced Con
trary to this expectation, the effects of
applied ethylene are most pronounced at
low IMAA concentrations At 4 5 μΜ NAA,
10 /tl I-1 ethylene had no effect, whereas
it completely abolished bud formation at
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a ten-fold lower NAA concentration,
Therefore we conclude that the expiants
cultured at high NAA concentrations,
especially at 4 5 μΜ NAA. are insensitive
to applied ethylene This means that the
interactions between NAA and ethylene
include a mutual reduction of the sensiti
vity of the tissue to the other hormone

Chapter 8

Role of ethylene in auxin-induced flower bud
formation in tobacco explants. II. Ethylene
decreases the sensitivity for auxin

ABSTRACT
The inhibitory effect of ethylene on the
final number of buds that regenerated on
thin-layer expiants from tobacco {Nicotiana tabacum L cv Samsun) flower
stalks was studied Two types of buds
polar and scattered ones develop on
these expiants
Ethylene caused a
decrease in the sensitivity to NAA with
respect to the regeneration process,
which resulted in (ι) a shift in the
optimum concentration for maximal bud
regeneration to higher NAA concent
rations and (n) a reduction in the maxi
mum level of regeneration obtained at
the optimum NAA concentration Ethy
lene affected both basal and scattered
bud formation to the same extent Ethy
lene did not inhibit polar auxin transport
When the action of endogenously accu
mulated ethylene was inhibited by
AgNOj, it was found that NAA induced
the formation of more flower buds, and
at lower optimum concentrations

INTRODUCTION
Ethylene can either stimulate or inhibit
differentiation and regeneration pro
cesses Both effects were observed with
respect to flower bud formation in
tobacco expiants ethylene stimulated

the early formation of buds, but
decreased the final number of buds
(Chapter 7) In this study the latter effect
is examined in more detail
The ethylene-mduced decrease is
dependent on the concentration of NAA
in the medium At low NAA concent
rations, ethylene is strongly inhibitory
whereas at high NAA concentrations
ethylene has hardly any effect (Chapter
7)
During culture, the tobacco expiants
regenerate two types of buds At low
NAA concentrations, the buds are con
fined to the basal edge of the expiant At
higher concentrations, scattered buds
appear on the remaining part of the
surface Polar bud formation is the result
of longitudinal auxin transport and accu
mulation at one edge (Chapter 3, Smul
ders et al 1988b) In view of this
asymmetrical effect of NAA on regene
ration the effectiveness of ethylene at
low NAA concentrations and the in
effectiveness at higher concentrations,
can, in theory, be interpreted in several
ways
If ethylene would inhibit polar transport
of auxin (Beyer and Morgan 1970, Van
Aartnjk et al 1985, Suttle 1988), the basal
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edge would accumulate less NAA.
resulting in lower bud regeneration at
low concentrations of NAA The remain
ing part of the expiant would accumulate
more NAA, which would make ethylene
less effective at higher NAA concent
rations
Alternatively, ethylene might affect the
regeneration capacity of the two types
of buds differently, resulting in a stronger
decrease of the maximum bud number at
the basal edge compared to the remain
ing of the expiant
Finally, ethylene could reduce the sensit
ivity of both types of buds to NAA in the
same manner In this case optimal
regeneration would be obtained at higher
NAA concentrations (Salisbury et al
1988) for both types of buds This would
apparently cause a stronger effect of
ethylene at low NAA levels
To discriminate between these possibili
ties, we studied the effects of ethylene
on polar and scattered bud formation at

a range of effective NAA concentrations
Ethylene was applied as a gas at dif
ferent concentrations АдЫОз which
blocks ethylene action (Beyer 1976) was
used to eliminate the effect of endogen
ous ethylene accumulation The involve
ment of ethylene in polar transport of
NAA was also investigated

MATERIALS AND METHODS
Plants of Nicotiana tabacum L cv Samsun were raised from seeds and expiants
were cut and cultured as described
previously (Chapter 7) The basal end is
the edge which in its original position in
the flower stalk is most proximal to the
mam axis Flower bud numbers were
scored separately for basal edge and
remaining surface of the expiant (Chap
ter 3) after 7 10 and 14 days of culture
The results are presented and evaluated
after the logarithmic transformation
ln(bud number + 2) (Van den Ende et al
1984a)
For measurements of the effect of ethy-

Table 1 Effect of ethylene on polar transport of NAA Expiants were cultured foi 96 h on medium
containing 0 22 or 1 μΜ NAA and 37 kBq [3H]NAA in desiccators under medicinal air {-) or 1 /il I-'
ethylene (+) Hereafter they were cut m 6 slices of 1 mm and these slices weie two by two
dissolved in Lumasolve after which radioactivity was determined Results were expressed as
percentage of the total radioactivity present in each part Each point is the mean of 4 groups of 5
expiants ± SEM
Concen
tration
of NAA

0 22

Ethy
lene

Distribution of the radioactivity (%)

{ψ I ')

basal part

central pait

apical part

39 3 ±3 3
37 4 ± 1 7
44 Ь ± 2 4
45 0 ± 1 6

35 4 ί 2 2
34 9 ± 2 5
32 6 ± 1 7
31 9 ±2 2

25 3 12 3
27 7 i 3 2
22 9 ± 1 5
22 2 ± 0 8

+

1
+
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lene on polar auxin transport, expiants
were cultured on medium with unlabeled
NAA and 37-t85 kBq [3H]NAA (Amersham specific activity 185 GBq mmol 1)
in desiccators which were daily fluxed
with ethylene gas or medicinal air After
the incubation, the expiants were sliced
and the distribution of the radioactivety
was measured as in Chapter 3
Measurements of ethylene production in
the presence or absence of AgNOj were
performed as described in the preceding
Chapter

shows that at all treatments, the maxi
mum number of basal buds was obtained
at lower medium concentrations of NAA
than that of the scattered buds The
effects of ethylene were two-fold The
optimum for both basal and scattered
buds shifted to higher NAA concent
rations at increasing ethylene concent
rations Secondly, the maximum number
of buds, obtained at the optimum NAA

RESULTS
Ethylene andpolar transport of NAA
The possible influence of ethylene on
polar NAA transport was studied by
comparing the accumulation of [3H]NAA
at the basal edge in expiants cultured
either in air or under 1 μΙ I ' ethylene In
Table 1, the results are presented of
expiants cultured for 96 h Comparable
results were obtained after 6 and 24 h of
culture (not shown) The same uneven
distribution of NAA which reflects basal
accumulation due to polar transport, was
found m expiants cultured under medi
cinal air and in those cultured under
ethylene.
Ethylene effects on basal and scattered
bud formation
To study the ethylene effect on regene
ration of basal and scattered buds,
expiants were cultured under different
ethylene concentrations at a range of
NAA concentrations, and the distribution
of buds over the expiant surface was
monitored (Fig 1) A comparison of the
corresponding curves in Fig 1A and 1B

2"

01

\

022

01.5
ID
22
[NAA] (¿JM)

15

10

Figure 1 Effect of ethylene gas on the regeneration ot basa! and scattered buds Expiants
were cultured on a range of NAA concentrations
in desiccators under medicinal an fc) 1 M or ΐ ο μ
IM (D1 ethylene After 14 d, the bud numbers
were scored for the basal (Fig 1A) and scattered
(Fig IB) buds separately 10 expiants per
treatment Bar = LSD
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concentration of a particular range were
lowered by increasing ethylene concent
rations
Effect ofAgNO-, on bud formation
During normal culture expiants produce
ethylene which was found to affect bud
development (Chapter 7) It is not known
yet whether this endogenously synthes
ized ethylene influences the quantitative
relation between NAA concentration and
bud number for both types of buds To
study this AgNOj an inhibitor of ethylene
action (but not of ethylene synthesis
Beyer 1976) was used to eliminate the
effect of endogenously produced ethy
lene A concentration of 1 μΜ AgNOj
was found to be optimal in preliminary
experiments This concentration had no
effect on the endogenous production of
ethylene at any concentration of auxin
(Table 2)
When expiants were cultured on a range
of NAA concentrations in the presence
of 1 μΜ AgNOa (Fig 2) the optimum for
both types of buds was shifted to lower
concentrations of NAA in the medium
compared to the control expiants Also

the maximum number of buds obtained
at these optima was higher than in the
untreated expiants

DISCUSSION
The inhibitory effect of ethylene on the
number of basal and scattered buds that
regenerated on expiants from tobacco
flower stalks was shown to consist of a
decrease in the sensitivity of the tissue
to NAA This was concluded from (ι) the
ethylene-mduced increase in the NAA
concentration required to obtain maximal
bud regeneration and (n) the reduction by
ethylene of the number of buds that
regenerated at this optimum concent
ration The combined effects resulted in
similar changes of the NAA concent
ration-response curves for both types of
buds Ethylene did not inhibit polar auxin
transport and did not prevent NAA from
accumulating at the basal edge of the
expiant Ethylene produced in response
to NAA during normal culture conditions
influenced regeneration in the same way

Table 2 Effect of AgNO, on ethylene production Expiants were cultured in air-tight flasks in groups
of 3 on medium containing on 1 μΜ NAA in the presence (+) or absence {-) of 1 μΜ АдЫОз Every 24
h a sample of the air was taken and ethylene was determined after which the air in the flask was
replaced by medicinal air Each point is the mean of 5 samples of 3 explants ± SEM
Concenttration of
ΝΑΑ(μΜ)
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АдМОз
(1 μΜ)

Ethylene production (nmol expiant ' 24 h ')
during

day 2

day3

day 4

017 + 0 0 3
0 22+006

0 33 ± 0 СЙГ
0 35 ±0 01

0 44 + 010
0 43 * 0 10

as exogenously supplied ethylene.
Polar NAA transport in the expiants and
accumulation at the basal edge result in
a concentration-response curve for the
effect of NAA on flower bud formation
which is composed of two separate
curves, for basal and scattered buds
(Chapter 3) Ethylene does not interfere
with polar transport of NAA. not even
after 96 h of application (Table 1)
Transport inhibition would have led to
higher numbers of scattered buds in
comparison to basal buds at all NAA
concentrations (Smulders et al 1988b)
This is not found when ethylene was
applied (compare the corresponding
curves in Fig 1A and IB). The absence of
ethylene inhibition of polar transport is in
accordance with the observation of Burg
and Burg (1967, Abeles 1973) that ethy
lene does not influence polar auxin
transport in isolated sections treated with
ethylene after excission
Ethylene inhibits the formation of both
basal and scattered buds in two different
ways (Figs 1 and 2) In the terminology
of Salisbury et al (1988), ethylene
decreased K m -sensitivity and
тахsensitivity A decrease in Km-sensitivity
was concluded from the observation that
the optima for basal and scattered buds
shifted towards higher medium concent
rations in the ethylene treatments (Fig
1). In line with this observation, the
optima were found at lower NAA con
centrations when the effect of endogenously produced ethylene was inhibited
(Beyer 1976) with AgNOs (Fig 2) The
second effect, a decrease in V m a x -

sensitivity, or a decrease in competence,
was visible as a steady decrease of the
maximum bud number at the optimum
concentration when the ethylene con
centration was increased (Fig 1) A g N 0 3
treatment acted in the opposite way,
causing higher bud regeneration at the
optimum hormone concentrations (Fig.
2) In all experiments, the effects of
ethylene on K m - and Vm^-sensitivity are
within the same range fror both types of
buds this excludes the possibility that
ethylene acts differently on basal and
scattered bud formation
The effects of ethylene thus are a

s.
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Figure 2 Effect of AgN0 3 on the regeneration of
basal and scattered buds Expiants were cul
tured on a range of NAA concentrations under
air (solid lines) or 1 μΜ АдМОз (dotted lines)
After 14 d, the bud numbers were scored for the
basal (·) and scattered (o) buds separately 20
expiants per treatment Bar = LSD
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combination of a decrease in com
petence and an increase of the necess
ary auxin concentration This provides a
sufficient explanation for the different
effectiveness of ethylene at low and high
NAA concentratrons (Chapter 7) At low
NAA concentrations (o 1 and 0 22 μΜ)
applied ethylene was strongly inhibitory
to bud formation because the effects of
a decrease in competence were reinfor
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ced by the shift of the concentrationeffect curve to higher concentrations At
a high NAA level (4 5 μΜ) ethylene
showed no effect because the decrease
in competence was compensated by the
ethylene-mduced shift of the optimum to
this elevated auxin concentration These
results implicate that the level of auxin
has to be taken into account in all
studies on the effects of ethylene

CHAPTER 9

Higher sensitivity to auxin in expiants from hairy
/tftf/tobacco during in i/itroïïower bud formation
caused by inhibition of ethylene action

ABSTRACT
Progeny of plants of N/cotiana tabacum
L cv Petit Havana regenerated from
hairy roots transformed with Agrobactenum rh/zogenes LBA 9402 {agropine
type) were divided into three groups
with regard to phenotype normal aberrant and superaberrant Explants from
flower stalks from these plants were
cultured ¡n wtro Especially at low concentrations of 1-naphthaleneacetic acid
(NAA) expiants from the most aberrant
Phänotypes regenerated more flower
buds than expiants from normal-looking
plants which formed a number of flower
buds comparable to those from untransformed tobacco plants
When the
regeneration capacity was tested at a
range of IMAA concentrations it was
found that the concentration range of the
response was extended from 2 orders of
magnitude (01-10 μΙΜΑΑ) in normal
expiants to 3 (0 01-10 μΜ IMAA) in the
most aberrant phenotypes which indica
ted an increased sensitivity of the trans
formed expiants to auxin with respect to
flower bud regeneration Moreover in
cultures without IMAA or with very low
concentrations, the transformed expiants
survived better, gamed more weight, and
even produced some flower buds
This increased sensitivity of transformed
expiants could be attributed to the
absence of the effect of endogenously
produced ethylene which reduced the

sensitivity towards auxin in non-transfor
med plants This was concluded from the
following observations (ι) inhibition of
the ethylene effect in non-transformed
expiants with 1 μΜ АдІМОз resulted in a
concentration-response curve which was
equal to the one obtained with the
transformed expiants (и) increasing the
ethylene concentration strongly
decreased bud formation in the control
expiants (HI) neither of these two treat
ments affected the bud formation in
transformed expiants (tv) endogenous
ethylene production was the same in all
expiants The implications of these
results are that probably the ro/ genes of
the incorporated TL-DNA do not inter
fere with auxin action but rather with
ethylene action thereby indirectly caus
mg a higher sensitivity for auxin

INTRODUCTION
Agrobactenum rhizogenes causes the
hairy root syndrome in dicotyledonous
plants which is characterised by neo
plastic growth of adventitious roots at
the site of the bacterial infection (De
Cleene and De Ley 1981) The tranferable DNA (T-DNA) from the bacterial Ri
plasmid may be incorporated into the
plant genome (Chilton et al 1982 White
et al 1982) In the plant cells, the T-DIMA
83

gene products may influence cell growth
and differentiation (Spano et al 1982,
Willmitzer et al 1982 Cardarelli et al
1987a)
In some species, plants regenerate
spontaneously from hairy roots (Ackerman 1977, Chilton et al 1982 Spano &
Constantino 1982, Taylor et al 1985
Spano et al 1988) The régénérants are
often characterised by morphological
abnormalities such as wrinkled leaves,
shortened internodes, reduced apical
dominance and an overdeveloped, partially non-geotropic root system (Ackerman 1977, White et al 1982 Tepfer
1984) In régénérants of tobacco, the
flowers are smaller and show heterostyiy
(Spano and Costantino 1982, Tepfer
1984, Pasqua et al 1987, Nakamura et a!
1988)
Tissues transformed by Agrobactenum
tumefaciens show overproduction of
auxin and/or cytokmin as a result of the
introduction of T-DIMA containing genes
directing the synthesis of these hormones (Akiyoshi et al 1983) In tissues
transformed with Agrobactenum rh/zogenes, the mechanism which causes the
aberrant phenotype is not so clear
Agrobactenum rh/zogenes has no gene
for cytokmin synthesis on the T-DIMA, but
only genes for auxin synthesis These
genes, located on the TR-DNA from
agropme-type strains, supposedly play a
role m hairy root induction (Ryder et al
1985, Cardarelli et al 1987b, Spano et al
1988) The role of the auxin genes in root
maintenance is unclear In established
hairy root tissues of tobacco the auxin
84

biosynthesis genes -if present- are
expressed at very low levels or not at all
(Taylor et al 1985) Furthermore, similar
phenotypes have been found in transfor med tissues which contain TR- and
TL-DNA and in tissues transformed with
only the TL-DNA (Tepfer 1984 Durand
Tardif et al 1985, Cardarelli et al 1987a
Jouannm et al 1987, Spano et al 1987
1988 Nakamura et al 1988) Therefore,
products of genes on the TL-DNA are
thought to be responsible for the altered
plant phenotype (Tepfer 1984 DurandTardif et al 1985. Cardarelli et al 1987a
Jouannm et al 1987 Spano et al 1987,
1988 Nakamura et at 1988 Schmullmg
et al 1988)
Recently it has been found that transformation by A rhizogenes results in a
higher sensitivity of the tissue to exogenously supplied auxin with respect to
some hormone-mediated processes
(Shen et at 1988, Spano et al 1988)
Spano et al (1988) found a higher
sensitivity for exogenous auxin of rhizogenesis in vitro Shen et al (1988) found
a higher sensitivity of the transmembrane
electrical potential difference Em, proton
extrusion and root elongation The concentration-response curve for the effect
of exogenous NAA on the Em was
shifted 3 orders of magnitude in transformed protoplasts compared to control
ones, but retained the same shape The
other curves nor the results of Spano et
al (1988) are conclusive about whether
the curves are shifted or broadened
Theoretically, increased responsiveness
could be caused by 1) higher uptake of

sensitivity, we have determined the
shape of the concentration-response
curve m non-transformed expiants and in
those exhibiting the transformed phenotype to different degrees Uptake and
metabolism of NAA were also deter
mined in such expiants Finally, the
interaction with ethylene was determined
in control and transformed expiants

the exogenously applied auxin, 2) a
lower conversion of auxin into biologi
cally non-active compounds (Chapter 6).
3) a change in the interaction between
ethylene and auxin, or 4) modification of
the receptor-transduction system of the
auxin signal (see also Shen et al 1988).
In this chapter, the sensitivity for NAA in
normal tobacco and tobacco transfor
med with Agrobactenum rhizogenes was
investigated with regard to in vitro flower
bud formation (Tran Thanh Van 1973b) in
expiants from flower stalks (Van den
Ende et al. 1984a). The capacity of such
expiants to regenerate buds appears to
be increased in transformed plants (Pas
qua et al 1987). In normal plants, the
process is dependent on NAA over a
well-defined concentration range (Chap
ter 2 and 3; Smulders et al. 1988a, b)
Ethylene has been found to decrease the
sensitivity towards auxin during normal
culture of non-transformed expiants
(Chapter 8)
To study the mechanism of the higher

MATERIALS AND METHODS
Plant materia/ and tissue cu/ture
Plants of Nicotiana tabacum L cv Samsun and cv Petit Havana SRI (hereafter
to be called Samsun and SRI) were
raised from seed in the greenhouse at a
photopenod of 16 h (Van den Ende et al
1984a) Hairy roots were obtained from
SRI leaf discs infected with Agrobac
tenum rhizogenes LBA 9402 Plants
regenerated from these roots were
backcrossed several times with SR1 The
bacterial T-DNA was incorporated into
the plant genome (Spano et al 1981) and
transmitted to the progeny (Costantino
et al 1984) Progeny of the third gener-

Table 1 Characteristics of the three phenotypes in transformed SRI offspring
Feature

Wrinkled leaves
Number of branches on the mam
axis bearing flowers'
Number of sidebranches
with inflorescence'
Compact inflorescence2
Length of the flower stalks (mm)
Heterostyly

Phenotype
N

Τ

τ

-

+

++ +

5

6

7 or more

0
5-7

0
+
1-3

0-4
+ +
0-1

-

+

-

++

1
measured at full-grown plants which were fully flowering (approximately 13-15 weeks old)
г caused by shortened internodes between flowers together with shortened flower stalks rendering
the inflorescence clusterlike (+)
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ation was used in the experiments. In
this offspring, called SR1-HR, three
groups were distinguished as judged
from their phenotype, designated normal
(l\l), transformed (T) and supertransformed (T')(see Table 1 and Tepfer, 1984).
The procedures of culturing expiants and
evaluating the bud numbers were essentially as described in Chapter 2. For
ethylene treatments, expiants were cultured in desiccators (procedure described ¡n Chapter 7). Since the flower stalks
of the SR1-HR plants were only 0-2 mm
at anthesis. as compared to 8-12 mm in
both Samsun and SRI, all expiants were
cut at a length of approximately 0.5-1
mm. This caused the mean number of
flower buds per expiants to be lower
than in the previous chapters.

rations of NAA, and were then transferred to wet tissue paper. The next hour.
ethylene production by groups of 60
expiants was measured with a laser
photoacoustic detection system according to Harren (1988) and Woltering et al.
(1988).

RESULTS
Flower bud

regeneration

In a population of hairy root plants, in
general several phenotypes can be distinguished (Durand-Tardif
Tepfer

1984),

et al. 1985;

Frequently,

shoots appear

revertant

on transformed

plants

which show a less abnormal phenotype
(Tepfer

1984), or

are

even

normal-

Uptake and metabolism ofA/AA
Determination of uptake of NAA by the
expiants was performed as described in
Chapter 2. Metabolism was measured as
described in Chapter 4.

case, the revertant shoots still retain the

Product/on of ethylene
Expiants were cultured for 24 h on
medium containing different concent-

sino et al. 1984).

looking (Sinkar et al. 1988). In the latter
TL-DNA, but no transcripts were found.
A similar phenomenon is found for A.
tumefacien¿

crown gall tumors (Ama-

The transformed

plants

used

in

our

experiments were progeny from a backcross of the SRl-HR plants with SR1
Table 2. Fresh weight ot expiants from SR1 and
T' plants after 14 days of culture. Expiants from
SR1 and T' flower stalks were cut at an initial
weight Of approximately 0.15-0.25 mg (0.5-1
mm length). After 14 days of culture on medium
containing 0-10 μΜ of NAA, the fresh weight of
the expiants was determined. Each point is the
mean of 10-20 expiants + SEM.
Concen-

1

Fresh weight (mg.expiant- )

tration of
ΝΑΑ(μΜ)
Ο "
0.01
0.1
1
10
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pollen. Their

phenotype

ranged

from

normal looking to very aberrant. Three
groups of phenotypes were distinguished
according to Tepfer (1984), which were
indicated as normal (N), aberrant (T) and
superaberrant (Τ') (Table 1). The T' plants
formed a discrete group, but concerning
the Τ and N phenotypes some inter

SRI
Τ
3/7 i T T î
7~δ~±~ΪΛ~
4.0 i 1.0 10.6 ì 1.3
3.4 í 0.6
6.7 ± 1.3
23.0 ± 4.3 44.6 ±10.0
17.0 ±4.3
9.7 t 2.9

mediates

were

distinguished.

Side-

branches reverting to a less extreme
phenotype were observed rather fre
quently in the T' plants.
The regeneration capacity of expiants

from these phenotypes was tested as
their ability to regenerate flower buds on
thm-layor expiants from the flower stalks
(Van den Ende et al 1984a) in response
to a range of concentrations of NAA (cf
Chapter 2) The expiants from T' plants
had the highest capacity to grow and
survive in tissue culture They grew faster
in culture (Table 2), and in contrast to
Samsun and SR1 explants, Τ' explants
never died because the mass of tissue
was below a critical size (Smulders
unpublished results)
The number of flower buds regenerated
at 0 1 and 1 μΜ NAA showed significant
differences between the different pheno
types in response to auxin (Fig 1) The
regeneration on the N expiants was not
significantly different from the control
SR1 plants However, on expiants from Τ
and T' tranformants, the number of buds

^

was much higher than in the control,
especially at the lower NAA concent
ration
This prompted us to study the concent
ration dependency over a wider range of
NAA concentrations m normal and trans
formed plants Pedicel tissue from T'
plants was compared to expiants from
SRI and from Samsun plants, to enable a
comparison of the curves with those
obtained previously (Chapter 2)
As
shown in Fig 2 buds were formed on the
T explants between 0 01 and 10 μΜ
NAA and even without NAA in the
medium a few buds were formed The
SRI expiants produced buds between 0 1
and 10 μΜ NAA which is also the
effective range for the Samsun expiants
In other words, the concentration vs
response curve is extended by one order
of magnitude in the T' explants, relative

1

Figure 1 Effect of plant phenotype on flower bud regeneiation Expiants from flower stalks from SR1,
Ν Τ and Τ plants were cultured for 14 days on medium containing 0 1 μΜ (shaded bars) or 1 μΜ NAA
(black bars) before flower bud numbers were determined Data are the mean of thiee experiments
with similar results Each point is the mean of 48-56 expiants Bar = LSD
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to the controls.
NAA uptake and metabohsm
The stronger response to auxin might be
due to higher uptake (Shen et al 1988) or
lower conjugation of the exogenously
applied auxin, both resulting in a higher
internal concentration To test this,
uptake and conjugation of NAA were
measured (Tables 3 and 4) Uptake of
NAA was generally lower in the transfor
med expiants than in the normal ones
(Table 3). and the extent of conjugation
was found to be equal in both SRI and T'
expiants cultured in vitro (Table 4)
Ethylene production and effect
Higher responsiveness to low concen
trations of auxin has been found to be
induced by applied ethylene In addition,
the ethylene produced in the expiants
under normal culture conditions was
found to decrease the auxin-induced bud
regeneration (Chapter 8) Therefore, the
increased bud regeneration in the trans

formed tissues could be due to a redu
ced sensitivity to ethylene or a reduced
endogenous synthesis of ethylene
To check these possibilities T' (Fig ЗА)
and SRI (Fig 3B) expiants were cultured
at a range of NAA concentrations under
normal culture conditions and two treat
ments known to change ethylene action
(ι) culture in the presence of 1 μΜ
AgNOj which blocks ethylene action and
increases bud formation at low NAA
concentration, and (и) culture m desic
cators under 10 μΙ I-' ethylene gas, a
concentration which strongly decreases
bud formation at low NAA concentra
tions
Figure 3B shows that SR1 expiants
reacted strongly to the treatments Cul
ture in the presence of 1 μΜ AgN03
increased the bud formation considerably
at low concentrations of NAA At 0 01,
0 022 and 0 045 μΜ NAA, the bud
formation increased from zero to the
average of five buds per expiant that
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Figure 2 Effect of NAA on flower bud regeneration compared in N and Τ phenotypes Expiants from
Samsun (x), SRI (o) and Τ' (Δ) flower stalks were cultured for 14 days on medium containing 0-22 μΜ
NAA before flower bud number was determined Data of two experiments with similar results were
combined Each point is the mean of 10-40 expiants Bar = LSD
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was obtained at the optimum concent
ration of 1 μΜ NAA during normal culture
As such bud formation was comparable
to that in T' expiants (Fig ЗА) Applica
tion of 10 μ\ I ' ethylene reduced bud
formation
In contrast, in the Τ transformed
expiants both treatments had no effect
whatsoever on bud regeneration (Fig
ЗА) This suggests that these expiants
behave different with respect to the
effect of ethylene on auxin sensitivity

Ethylene production was the same m Τ
and SRI expiants (Table 5)

DISCUSSION
Expiants from flower stalks of Nicotiana
tabacum L cv Petit Havana transformed
with Agrobacter/um rhizogenes LBA
9402 (agropme type) showed an in
creased sensitivity to NAA with respect
to the regeneration of flower buds The

Table 3 Uptake of NAA by SR1 and Τ explants SRI and Τ explants were cultured for diffeient
3
periods of time on medium containing 0 1 or 1 μΜ NAA and 37-185 kBq [ H]NAA After this the
expiants were thoroughly rinsed and radioactivity was detei mined Each value is the mean of four
samples (6,120 h) or six samples (1 24 h) of five explants ± SEM

Concentra- Duration
tion of
of incubation
NAA (μΜ)
(h)

Uptake (pmol expiant-1)
SR1

Τ'

1
1
1
1
01

3 1 ±О4
21 4 1 6 3
46 5 ± 4 7
195 2 ±24 7
53±09

??±03
109 ± 2 5
26 7 i 2 8
1175 ± 0 5
22 +05

1
6
24
120
24

Table 4 Metabolism of NAA in SR1 and Τ explants SR1 and Τ explants were cultured for 24 h on
medium containing 0 1 or 1 μΜ NAA and 37 kBq [3H]-NAA1 rinsed and extracted After seperation the
distribution of the radioactivity was determined and expressed as percentage of total radioactivity
recovered Each point is the mean of two samples of five explants ± SEM

Concen
tration
of NAA
(μΜ)

01
1

Relative abundance of free NAA and its major conjugates (%)
Free NAA

NAAsp

Metabolite 1

SRI

SRI

SRI

57 + 02
54 + 01

58 : 0 1
71 : 06

25 4 i 0 9
20 4 J 1 5

32 2 ± 2 8
23 5 ± 4 0

47 7 7 0 5
53 1 ± 2 7

46 1 ± 0 8
40 1 ± 9 6
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transformed explants produced an
average of five flower buds per expiant
at NAA concentrations from 0 01 to
2 2 μΜ NAA whereas control expiants
produced these numbers only from 0 45
to 2 2 fM Since both transformed and
non-transformed expiants produced
similar amounts of ethylene, it appears
that the increased sensitivity of transfor
med tissues is due to the absence of a
response to endogenousiy produced
ethylene, which does reduce the sensiti
vity towards auxin in the non-transfor
med expiants This is the first demonst
ration that the gene products of the ro/
genes of the TL-DNA in all likelyhood do
not affect auxin action directly but rather
ethylene action, and m this way inhibit
the ethylene from affecting auxin sensiti
vity
Plants transformed with Agroùactenum
rhizogenes are phenotypically different

from normal plants (Tepfer 1984,
Durand-Tardif et al 1985, Pasqua et al
1987 Sinkar et al 1988) The extent of
these aberrations vanes (Table 1 and
Tepfer 1984 Durand-Tardif et al 1985
Spena et al 1987) Although almost
complete male sterility was reported by
Spano and Costantino (1982) and
Durand-Tardif et al (1985) m Nicoùana
tabacum and by Sinkar et al (1988) m
Nicotiana g/auca. our transformed plants
always produced offspring, both by selfmg and by backcrossmg with SR1 pollen,
albeit with a somewhat lower production
of seeds
The phenotypic aberrations in tobacco
are caused by the expression of the ro/
genes on the transferred T-DNA (Tepfer
1984, Taylor et al 1985, Durand-Tardif et
al 1985) The degree of aberration of the
phenotype correlates with the extent to
which the /o/genes are being transcribed
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Figure 3 Comparison of the effect of ethylene on flower bud formation in Τ and SR1 explants Τ (ЗА
closed symbols) and SRI (3B open symbols) expiants were cultured in Petri dishes at a range of
NAA concentrations either with ( Δ A ) or without (o · ) 1 M A g N O j or m desiccators under ι ο μ Ι И
ethylene gas ( ν τ ) After 14 d the number of flower buds was determined Each point is the mean of
60 expiants Bar = LSD
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(Durand-Tardiff et al 1985 Schmulling et
al 1988)
Using more and less extreme phenotypes we established a relation between
the extent of aberration and the extent
of the higher response to exogenous
auxin in flower bud regeneration in tissue
culture {Fig 1) The enhanced response
was only perceptible at low NAA con
centrations 0 22 M and lower at which
normal expiants produce little or no
buds Figure 2 shows that buds were
formed on T' transformed expiants at
NAA concentrations as low as 0 01 μΜ
The transformation apparently did not
result in higher bud numbers at the
optimal concentration of NAA but in
creased the range at which maximum
bud formation may occur
This shift in sensitivity could possibly be
the result of increased uptake of the
applied auxin (Boulanger et al 1986), a
change in conjugation, a stimulation of
IAA synthesis or a change in the signal
transduction process In crown-gall cells
it has been found that IAA is taken up
more rapidly Also the rate of conjuga

tion is higher although this could not
completely compensate the higher rate
of uptake (Rausch et al 1986) In the
experiments with hairy root tissue
described here uptake and metabolism
of IMAA were not significantly different in
SRI and T' expiants (Tables 3 and 4)
This means that the internal NAA con
centration in the hairy root and the
untransformed tissues is probably equal
Another process that might lead to an
elevated hormone level in the transfor
med tissues could be increased synthe
sis of IAA (Shen et al 1988) Spano et al
(1988) found a doubling of the internal
auxin level in transformed tissue com
pared to control tissue Such a supranor
mal IAA level could be responsible for
the bud formation (Fig 2) and faster
growth (Table 2) in the trangenic tissues
grown in the absence or at very low
levels of NAA (0 and Ό 001 μΜ)
The major effect of the transformation
observed here, however is a broadening
of the concentration-response curve
from two orders of magnitude to three
(Fig 2) Such a broadening cannot be

Table 5 Production of ethylene in SR1 and Τ explants Explants were cultured during 24 h on
medium containing 0 01 or 1 μΜ NAA After this they were transferred to wet tissue paper and
ethylene production was measured during 1 h
Concentration of
ΝΑΑ(μΜ)

Tissue
(T or SRI)

Ethylene production
(pmolmg fw ' h ')

0 01

Τ
SRI

1 10 ±0 44
0 73 ± 0 02

Τ
SR1

1 24 ± 0 03
1 36 ±0 15

91

explained by a doubling of the endogen
ous synthesis of IAA The broadening of
the concentration-response curve pro
bably is a more general phenomenon, as
can be inferred from the data on root
regeneration (Spano et al 1988) and
elongation (Shen et al 1988) It appears
that the reaction of the tissue to auxin
has been altered (Shen et al 1988
Spano et al. 1988)
As a mechanism, it is proposed here that
ethylene action is altered Ethylene pro
duced by the expiants affects flower bud
regeneration in N/cotiana tabacum cv
Samsun by decreasing both the com
petence for regeneration and the sensiti
vity of this process towards auxin (Chap
ter 8) The expiants from cv Petit
Havana SRI used here showed this
decrease in sensitivity too (compare the
three treatments in Fig 3B), and also the
decrease in competence (compare the
control with the expiants cultured under
10 μΙ M)
IThese ethylene effects are absent in T'
transformed expiants This conclusion is
based upon the following observations
(ι) Τ explants do not show any effect of
the АдМОз treatment, which inhibits eth

92

ylene effects (Fig 3B) (и) Г explants do
not respond to a high ethylene concent
ration (10 μΙ I-1 Chapter 7 and 8) (in) the
effect of transformation on bud regene
ration could be mimicked by treating SRI
expiants with Agl\103 (iv) the transfor
med expiants produce ethylene in the
same amounts as SRI expiants (Table
5) The latter two observations also
indicate that the effect of NAA per se is
not altered If this were also a result of
the transformation, treating SR1 expiants
with АдІМОз. which only affects ethylene
action (Beyer 1976 Chapter 8) could
never lead to bud formation like in
transformed expiants And ethylene pro
duction which is induced by NAA would
be expected to be altered in transformed
expiants compared to SR1 tissue
In conclusion, the gene products of the
ro/ genes, especially the го/ С gene,
probably interfere with ethylene action,
and not with auxin action The increase
in auxin sensitivity is an indirect effect of
the inhibition of ethylene action There
fore, also other ethylene-mediated pro
cesses may be altered in such transfor
med tissues

CHAPTER 10

GENERAL SUMMARY

In this thesis, the regulation of the flower
bud formation in thin-layer expiants from
tobacco floral stalks by auxin is studied
This Chapter summarizes the results in
the light of two important topics in plant
hormone physiology concentration and
sensitivity, and includes a discussion on
hormone interaction The theory about
the role of concentration and sensitivity
is discussed in more detail tn Chapter 1

INTERACTION BETWEEN HORMONES
The regeneration of flower buds on
thin-layer expiants from the flower stalks
of tobacco plants (Tran Thanh Van
1973a, b) is induced by the combination
of two plant hormones an auxin (NAA)
and a cytokimn (BAP) For bud regeneration, both hormones must be present in
the medium (Chapter 2) The regeneration is therefore the result of interaction between hormones
Interaction is defined most widely as
'any type of interplay between hormones' (Evans 1984) The simplest case
of interaction occurs when the hormones
act independently on different parts of
the process(es) leading to the effect In
experiments in which the level of one
hormone (auxin, cytokimn) was varied
while the level of the other (cytokimn,

auxin) was kept constant (Chapters 2-4),
it is shown clearly that NAA and BAP
acted together in the induction of bud
regeneration but each hormone does
not affect the individual activity of the
other Either hormone can regulate the
extent of the development from none to
the level determined by the other independent of the concentrations used
(Chapter 2) In addition, BAP does not
influence the distribution of the buds,
caused by longitudinal NAA transport
inside the expiant (Chapter 3) Thus BAP
regulates the extent of regeneration
independent of the concentration of
NAA, and to the same extent for both
basal and scattered buds
The internal level of each hormones is
also established without influence from
other hormones The uptake of NAA is
independent of the level of BAP (Chapter 2) and wcâ versa The metabolism of
NAA (Chapter 4) and IAA (Peelers,
personal communication)is not influenced by the concentration of BAP and
the metabolism of BAP and other cytokimns (Van der Krieken, personal communication) is not influenced by the
auxm concentration In conclusion, auxin
effects can be studied independently
from the cytokimn effects - as is described in this thesis
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Since auxin often induces ethylene syn
thesis, and ethylene can affect regene
ration, interaction of auxin with ethylene
was also studied NAA and ethylene
interact at the level of synthesis and that
of effect (Chapter 7) The synthesis of
ethylene is dependent on the concent
ration of NAA the higher the concent
ration, the longer the period in which
ethylene synthesis is enhanced The
effect of ethylene on bud regeneration is
visible mainly at low levels of NAA At
01 and 0 22 μΜ NAA, low levels of
ethylene decrease the flower bud forma
tion At NAA concentrations higher than
1 μΜ. even high ethylene concentrations
have hardly any effect on regeneration
The concentration-response curve for
NAA induced flower bud formation as
measured under normal culture con
ditions depicts not the NAA effect per
se, but that modified by ethylene (Chap
ters 7 and 8)
The effect of increasing concentrations
of ethylene on bud formation consists of
two components a direct reduction of
the maximum bud number that can be
obtained at the optimum auxin concent
ration and an increase in the concent
ration necessary to obtain that maximum
regeneration (Chapter S)(see below)

REGULATION BY THE CONCEN
TRATION OF AUXIN
The general theory about the action of
hormones is that they bind to a receptor,
which changes in conformation and
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starts a chain reaction in the cell, which
may result in altered gene expression
(Vems 1985) If the concentration and
conformation of the receptor are stable
the concentration of hormone at the
target site determines the extent of the
response In principle, this also holds true
in the case that more than one factor can
influence the response
In Chapters 2 - 5, the effects of uptake
transport and metabolism of applied
NAA on the concentration of NAA in the
tissue are correlated quantitatively with
the extent of the regeneration Uptake of
NAA increases linear with increasing
medium concentrations from 0 1 μΜ to
100 μΜ (Chapter 2 and 5) The rate of
conjugation is independent of the
medium concentration (Chapter 4)
When in such investigations not only the
concentration of NAA in the medium is
varied, but also the duration of applica
tion, it appears that the hormonal effect
is dependent on the dose which accu
mulates in the expiant High NAA con
centrations applied during short periods
result in the same number of flower buds
as lower concentrations given for longer
periods, or continuously (Chapter 5) In
fact, applied concentration and duration
of application are interchangeable, so
that the same regeneration can be in
duced by e g continuous application of
1 μΜ NAA, 12 h application of 22 μΜ or
0 5 h 220 μΜ
The dose-dependency is the result of the
mechanism of auxin conjugation, leading
to a constant fraction of the NAA
remaining as free hormone (Chapter 4

and 5) This constant fraction is probably
the result of a dynamic equilibrium between free hormone and conjugates,
which is known to occur for IAA
(Hangarter and Good 1981) and is also
found in the case of NAA (Chapter 4) As
a result, similar hormone concentrations
are found in expiants which have taken
up similar amounts of hormone, irrespective of the actual concentrations applied
or the periods in which the total amount
is taken up (Chapter 5) A relation
between externally applied concentration and endogenous concentration
can be found only during continuous
hormone application, and is in that case
still dependent on uptake kinetics (Chapter 2)
In Chapter 6 is described that the loss of
regeneration that occurs after a preincubation of a couple of days without auxin,
is due to a loss of the ability of the
expiants to accumulate the free hormone
up to a sufficient concentration in the
tissue The expiants thus becomes less
sensitive towards applied hormone
However, this is not due to a diminishing
sensitivity of the receptor-transduction
system for auxin, but to a decreasing
internal concentration.
Regulation of regeneration by small differences in concentration within the
expiant has also been found in the case
of polar bud formation (Chapter 3)
Longitudinal transport of NAA leads to
accumulation at the basal edge Therefore the concentration at the basal edge
is always higher than that in in the rest of
the expiant, irrelevant of the concent-

ration in the medium (Chapter 3) This
relatively small difference caused the
concentration-response curve to consist
of two separate curves shifted from
each other by a factor 2 to 5
The results with respect to polar transport of NAA (Chapter 3) show that also
apparent qualitative phenomena such as
polarity of regeneration can be studied
and explained in quantitative terms At
the same time, the qualitative data on
the relative abundance of the two types
of buds can bo used as an indication of
the re/at/ve position in the concentrationresponse curve, irrelevant of the maxi
mum number of buds achieved expiants
with more basal buds than scattered
buds indicate that the concentration of
auxin is lower than optimal, and wca
versa This phenomenon is used in
ascertaining that ethylene inhibits the bud
formation by decreasing the sensitivity of
the tissue to NAA (see below)

SENSITIVITY OF THE TISSUE
TOWARDS AUXIN
In theory developmental processes can
be regulated both by the concentration
of hormone and by the amount and
affinity of the receptor(s) The latter is
also called sensitivity' for the hormone
(see Chapter 1 and 6, Trewavas 1983,
Firn 1986, Salisbury et al 1988) Regulation by the concentration of hormone
has been described above, regulation by
changes in the sensitivity towards auxin
has also been found during in vitro
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flower bud formation {Chapters 6-9)
Tissue excised from the plant and cultured without auxin for one week or
more, loses the capability to react to
auxin with respect to regeneration of
flower buds (Chapter 6) This means a
reduction in competence, since the
maximum level of regeneration, obtained
at optimal IMAA concentration, decreases
to zero
A close examination of the inhibitory
effect of ethylene on bud regeneration
(Chapters 7 and 8) revéales that it
consists of two components a modification of the reaction of the tissue
towards IMAA by influencing the IMAA
concentration at which maximum
regeneration is achieved, and a direct
reduction of the maximum bud number
that can be obtained at the optimum
auxin concentration (reduction of competence of the tissue) Application of
ethylene results m a shift of the concentration-response curves for both basal
and scattered buds towards higher NAA
concentrations A shift towards lower
NAA concentrations in the case of culture on АдІМОз indicates that a decrease
in sensitivity for NAA already occurs in
respons to amounts of ethylene endogenously produced by the expiants under
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normal culture conditions. This indicates
that a regulatory mechanisms affecting
sensitivity may well exist and act in
tissues in the whole plant
Expiants from plants transformed with
Agrobactenum rhizogenes have a dif
ferent sensitivity to NAA with respect to
flower bud regeneration (Chapter 9) This
higher sensitivity shows up as higher bud
numbers at low concentrations of NAA
The effect can be mimicked by treating
expiants from normal plants with AgNOa
Application of higher ethylene concent
rations to transformed expiants has no
effect on regeneration, in contrast to
normal expiants, where this treatment
inhibits regeneration Therefore, it is
concluded that the transformation has
changed the responsiveness of the tis
sue to ethylene (Chapter 9) Since ethy
lene works by decreasing the sensitivity
to auxin (Chapter 8) the inhibition of
ethylene action indirectly causes the
transformed tissues to react more
sensitive to auxin
These results show that both the con
centration of auxin and the sensitivity of
the tissue to auxin are regulation factors
during in vitro flower bud formation in
tobacco expiants. It is an indication that
they may also be regulating factors
during development of the whole plant

CHAPTER 11
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SAMENVATTING

In dit proefschrift is beschreven hoe het
plantehormoon auxine de vorming van
adventief bloemknoppen op weefselstukjes uit de bloemstengel van tabaksplanten kan reguleren De gevonden
resultaten kunnen worden gegroepeerd
naar twee thema's de concentratie van
auxine in het weefsel en de gevoeligheid
van het weefsel voor auxine Daarnaast
is ook het thema mteraktie (tussen verschillende hormonen) aan de orde gekomen Hier worden de voornaamste
bevindingen aangaande deze dne punten
kort samengevat.

INTERAKTIE
Regeneratie van bloemknoppen op
weefselstukjes van tabak vindt plaats op
een agar-medium met zouten, suiker en
twee plantehormonen een auxine en
een cytokimne Als auxine werd hier het
synthetische l-naftaleenazijnzuur (NAA)
gebruikt en als cytokimne benzylammopurme (BAP) De aanwezigheid van
beide hormonen is noodzakelijk voor het
optreden van regeneratie Variatie van
het mvo van een van de twee terwijl het
andere op een constant mvo wordt
gehouden, laat zien dat NAA en BAP
onafhankelijk werken Elk kan de hoeveelheid bloemknoppen reguleren tussen

nul en het mvo dat wordt ingesteld door
het andere hormoon (Hoofdstuk 2) BAP
heeft geen invloed op de verdeling van
de knoppen over het oppervlakte van de
weefselstukjes die wordt bepaald door
in de lengterichting verlopend transport
van NAA (zie onder) BAP reguleert dus
de regeneratie van de twee typen knoppen tussen nul en het aantal ingesteld
door NAA maar heeft geen invloed op
de verhouding tussen de twee groepen
(Hoofdstuk 3)
De hormonen hebben ook geen effect
op eikaars concentratie, die het resultaat
is van opname uit het medium en
omzetting in conjugaten De snelheid
waarmee NAA door de weefselstukjes
uit het medium wordt opgenomen is
onafhankelijk van de concentratie van
BAP (Hoofdstuk 2) en hetzelfde geldt
omgekeerd De mate van omzetting van
NAA in maktieve conjugaten wordt
evenmin beïnvloed door de cytokimne
concentratie (Hoofdstuk 4) Derhalve is
het geheel gerechtvaardigd om de effek
ten van auxine in dit systeem te bestu
deren onafhankelijk van die van het
cytokimne
Met het gasvormmge plantehormoon
ethyleen vindt een complexe mteraktie
plaats In het algemeen is bekend dat
auxine ethyleenproduktie kan veroor-

105

zaken, en dat ethyleen weer invloed kan
hebben op de werking van auxme Synthese van ethyleen vindt inderdaad
plaats in de weefselstukjes, waarbij de
duur van de produktie afhankelijk is van
de auxme concentratie (Hoofdstuk 7)
Ethyleen beïnvloedt de bloemknopvorming op twee manieren het stimuleert de
vroege aanleg van knoppen, maar reduceert het uiteindelijke aantal knoppen
De reduktie is een combinatie van twee
effekten Enerzijds wordt het maximaal
aantal knoppen verlaagd, anderzijds
wordt de auxme concentratie waarbij dat
maximum wordt bereikt verhoogd (in
andere woorden het weefsel wordt
ongevoeliger voor auxme zie hierna) De
combinatie van deze effekten maakt dat
het remmende effekt van ethyleen het
sterkst is bij lage auxme concentraties,
en bijna met te zien bij hoge concentraties Het m normale kweekomstandighoden geproduceerde ethyleen is al voldoende om effekt te hebben op de
concentratie-effekt curve van NAA
(Hoofdstuk 8)

REGULATIE DOOR DE AUXINECON
CENTRATE
In het algemeen wordt verondersteld dat
hormonen (H) werken doordat ze aan
een specifieke receptor (R) binden die
daardoor van conformatie verandert, en
een keten van reakties m gang zet die
kan leiden tot veranderingen m de
genexpressie en, uiteindelijk tot een
fysiologische reaktie (E) In formule
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H + R -> HR -> E
Hieruit volgt dat de grootte van de
reaktie E zoals die wordt gemeten kan
worden bepaald door de concentratie
van het hormoon H bij de receptor, maar
ook door de concentratie en de affiniteit
van de receptor R Welke van de twee
vormen van regulatie daadwerkelijk
wordt gebruikt m planten is momenteel
onderwerp van diskussie, met name m
het geval van auxme In het hier beschreven onderzoek zijn beide vormen van
regulatie aangetroffen Dit suggereert dat
beide vormen ook een rol spelen bij de
normale ontwikkeling van planten
In Hoofdstuk 2-4 zijn de effekten van
opname polair transport en omzetting
van toegediend NAA op de concentratie
m het weefsel onderzocht De concentratie is gekorrelleerd met het aantal
bloemknoppen dat zich ontwikkelt op de
weefselstukjes Ook het verschijnsel van
de al dan met scheve verdeling van de
bloemknoppenis gerelateerd aan kwantitatieve verschillen m concentratie van
NAA in het weefsel Polair transport van
opgenomen NAA leidt namelijk tot een
ophoping aan de basale zijde Hierdoor
ontstaat daar een hogere concentratie
dan m de rest van het weefsel Het
verschil bedraagt ongeveer een faktor
twee Aan de basale zijde treedt hierdoor optimale bloemknopvorming op bij
lagere NAA concentraties in het medium
dan m de rest van het weefsel (Hoofdstuk 3)
Naarmate weelsels langer buiten de
plant worden bewaard in afwezigheid

van auxine, is meer NAA nodig om
alsnog maximale regeneratie te krijgen
Dit wordt veroorzaakt door een afname
van de opname en een verhoogde
omzetting van NAA, waardoor relatief
minder vrij hormoon aanwezig is ¡n het
weefsel (Hoofdstuk 6). Ook het maximaal te verkrijgen aantal knoppen neemt
af (zie hieronder).
In alle overige behandelingen is de
interne concentratie vnj hormoon een
vast percentage van de totaal opgenomen hoeveelheid hormoon (Hoofdstuk 4
en 5) Er is wel een verband tussen de
auxmeconcentratie in het medium en de
concentratie in het weefsel, maar alleen
tijdens continue toediening van het hormoon. Eenzelfde interne concentratie,
en dus eenzelfde hoeveelheid bloemknoppen, kan namelijk naar believen worden verkregen door weefselstukjes continu te kweken op lage hormoonconcentraties, gedurende kortere tijd op hogere
concentraties NAA, of zelfs gedurende
zeer korte tijd, enkele uren, op zeer hoge
concentraties (Hoofdstuk 5). De mcubatietijd en de aangeboden concentratie
zijn gelijkwaardig in het opbouwen van
de dosis. Er is dus geen sprake van het
aanbieden van een optimale concentratie, maar van het aanbieden van een
optimale dosis.

REGULATIE DOOR VERANDERINGEN
IN DE GEVOELIGHEID VAN HET
WEEFSEL VOOR AUXINE
Op verschillende manieren kan de respons van het weefsel op het hormoon

worden verminderd Twee voorbeeldende maximal respons zou af kunnen
nemen doordat er minder receptoren
komen, en als de receptors een lagere
affiniteit voor het hormoon krijgen, is er
een hogere concentratie nodig om
dezelfde respons te bewerkstelligen In
dit onderzoek zijn aangetroffen zowel
vermindering van de maximale respons
als verhoging van de concentratie om
deze te bereiken
De weefsels die buiten de plant worden
bewaard zonder auxine (zie boven) verliezen na langere tijd ook hun vermogen
om te reageren op NAA De maximale
respons daalt naar nul (Hoofdstuk 6)
De verminderde respons van weefsels
gekweekt in aanwezigheid van hogere
concentraties ethyleen worst veroorzaakt
door een combinatie van lagere maximale respons en een toename van de
NAA concentratie die nodig is om deze
maximale respons te induceren (Hoofdstuk 8) Daardoor wordt met name bij
lage NAA concentraties de bloemknopvorming geremd Door een behandeling
met zilvernitraat, een stof die het effect
van ethyleen wegneemt, blijkt dat ook
tijdens normale kweekomstandigheden
het geproduceerde ethyleen al een deel
van de gevoeligheid voor NAA w e g neemt
Weefsels uit tabaksplanten die zijn
getransformeerd met de baktene Agrobacter/um rhizogenes. en daardoor een
aantal nieuwe genen bevatten, zijn wat
betreft de bloemknopvorming gevoeliger
voor NAA, ze maken knoppen bij concentraties die zo laag zijn dat normale
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weefsels niet reageren Het blijkt dat dit
wordt veroorzaakt doordat het remmende effect van ethyleen is weggenomen ze produceren nog wel evenveel
ethyleen, maar reageren niet op behandelingen met zilvernitraat of hoge con
centraties ethyleen De normale weefsels, die met extra ethyleen nog onge-
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voeliger voor NAA worden, produceren
in aanwezigheid van zilvermtraat op
dezelfde NAA concentraties vergelijkbare aantallen bloemknoppen als de
getransformeerde weefsels De transformatie verandert dus niet de gevoeligheid
voor auxme maar die voor ethyleen1
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