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containing bodies capable of movement under the influence of a gravita-
tional field. Several authors have attempted to elucidate the mechanism
of graviperception in plants by referring to these particles.

In the first chapter a summary of the studies on the starch
statolith hypothesis will be given following an introduction of the

terminology used.

B. Terminologx

Many terms have been used to describe different aspects of geo-
tropism and the meaning of these terms has varied from one paper to
another.. A brief summary of the general terms used in this paper will
therefore be given here.

It is generally accepted that a geotropical movement is a re-
sult of a reaction chain, similar to that applicable to a number of other
physiological processes.

At least a theoretical distinction between various phases can

be made (see e.g. Larsen 1962):

Physical Physiological
phase _ phases
Susception Perception Transmission Reaction After
(Reception) : effects

b———— Stimulation —

This chain can be divided in at least two phases; a. A physical phase
which may be called susception, b. Several physiological phases..

The term stimulation is commonly used to comprise the physiéal
phase and the first physiological phase which may bé called perception
or reception. In geotropism the physical phase consists in the direct
action of gravity, e.g. on the statoliths. The mechanical effect per-
formed by the statolithslis perceived in the first physiological phase,

which creates a certain "excitation." In the phase of transmission this

"excitation" is forwarded to the site of the reaction where the reaction
proper, the geotropic curvature, takes place. This reaction may be fol-

lowed by after-effects.

The geotropic¢ stimulation period can also be divided as follows.
After a plant organ, e.g. a root, has been placed in a horizontal position,
it takes a certain time before a curvature can be observed. This period

is called the reaction time (or latent time) and it depends on the method
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between the two dark lines, has been called enchylema (Frey-Wyssling 1964):
This space can be widened and form dilated cisternae of ER (Fig. 4 A;
Iversen & Flood 1969, Iversen 1970).

As demonstrated on Fig. 6 the ER membrane system is hollow and
forms the so-called cisternae. It is assumed that the internal spaces
are continuous throughout the cell. The lumen of the nuclear envelope
is in open conjunction with the ER cisternal matrix (enchylema).

Some parts of the ER are covered by ribosomes and these ribo-
somes are always located on the outer suffaces of the membranes (Fig. 7).
The ER coated with ribosomes is termed "rough-surfaced" or "granular" ER
while ER without ribosomes is called "smooth-surfaced" or "agranular".

In the root tips examined in the present study both types have been ob-
served (Figs. 7 and 4 C).

It has been assumed (Buvat 1963) that most of the ER near the
cell wall is rough whereas that in the rest of the cytoplasm is smooth.
This idea has not been *confirmed as the observed species of plants used
in the present study often contain both types of ER-membranes in conjunc-
tion with each other (Fig. 6). The only difference is that although the
rough ER is invariably sheet-like, the smooth ER can be either sheet-like

or tubulér.

Ribosomes

Ribosomes are present in all types of root tip cells which have
been studies, but the number per unit volume varies. The particles ap-
pear in the cells as osmiophilic particles of about 15-25 nm in diameter.
The ribosomes have been observed both free in the cytoplasm and attached
to the ER (e.g. Fig. 4 C). In the meristematic and undifferentiated
cells the ribosomes are mainly free in the groundplasm and not on the ER,
while the attachment to the ER is more common in differentiated root
cells. It has been suggested that ribosomes attached to ER are more ac-
tive in protein synthesis than free ribosomes, but the significance of
the attachment to ER is not known.

Frequently ribosomes appear to be grouped into clusters (poly-
ribosomes) with the appearance of spirals or circles. These clusters can
be observed free in the groundplasm but they also occur attached to the
ER (figs. 4 C, 6, and 7). The number of ribosomes in each polyribosome
chain is of the same order in cress and cabbage root tip cells, 10-15

particles. It is possible that polyribosomes are groups of ribosomes
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attached to a thread of messenger RNA. At high magnificatidn a fibre
about 1 to 2 nm in diameter has been observed connecting the particles
of the chain. In a few investigations it has been reported that such

fibres can be destroyed by treatment with ribonuclease.

Mitochondria

Numerous mitochondria are present in all root tip cells of the
different species studied. They showed the following ultrastructural
features typical of mitochondria (Fig. 4 B); a surrounding double mem-
brane, cristae, matrix and occasional dense granules. The majority of
them in meristematic cells are circular or slightly ellipsoid in cross
section, but of more varying form and size in the aifferentiated cells
of the root cap. They are commonly about 0.3 pm in diameter if cylind-
rical, but if spherical or elongated they, are up to 3 um long.

The number of mitochondria in root cap cells of cress has
been estimated, based on serial sectioning, to be from about 200 to
2000. The meristematic cells and Storey I in the root cap region have
the smallest amount and the number of mitochondria increases through

the apical end of the root cap.

Golgi apparatus

In the present study the term Golgi apparatus will be restric-
ted to describe a collection of dictyosomes which are interassociated.
As the plant cells may contain several Golgi apparatus each consisting
of many dictyosomes, the term apparatus is used to denote both singular
and plural. The dictyosome in a plant root cell can be demonstrated e.g.
on Fig. 4 C. The dictyosome consists of several ciéternae (usually four
to seven in each dictyosome) and depending on the plant material the
diameter of the cisterna is.on the average 1-3 um and the stack is about
0.5 pm high.

As can be shown on Figs. 4 C, 6, and 8 the cisternae has a
vesiculated or dilated periphery. This is clearly seen in the outer
root cap cells of maize where hypertrophied dictyocomes produce large
vesicles which move through the plasmalemma and may displace it from
the cell wall (Fig. 8). The function of the Golgi apparatus in these
cells is assumed to be in the formation of cell walls and extracellular

structures.
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conjunction with others, has the morphological features necessary for
statolith function? Which cell organelles ére functionally involved in
the linkage between detection of gravitational stimulus and its physio-
logical implementation and to what extent are they involved? Finally,
are specific cell organelles implicated and if so, do they function in
the development of the differential growth which ultimately leads to a
geotropic curvature? These questions cannot be answered at the present
time but ultrastructural studies may contribute to the solution of these
problems.

Griffiths & Audus (1964) stressed that there was no close and
constant associations of amyloplasts with any other organelles in the
root cap cells of VieiZa faba 1.. They observed that in a few specimens
ER entwined the amyloplasts at the distal end 6f the cell but they assu-
med that this was a fortuitous observation and without physiological
significance. The present study has confirmed that there generally do
not exist associations between amyloplasts and other cell organelles.
The observation, however, that the ER-membrane system forms extensive
fenestrated sheets in the root cap cells (Fig. 6) makes it necessary to
take this'into account when discussing the movements of amyloplasts in
geotropically stimulated plant roots. It may be assumed from this that
the amyloplasts or other cell organelles do not move freely in the cells.
In determinations of the velocity of fall of various organelles, the
valvues for the viscosity of cytoplasm have their limitations. The vis-
cosity is poorly defined on account of the inhomogeneous composition of
the cytoplasm and the velocity of fall of organelles through the cyto-
plasm is also influenced by the sheets of the ER-membranes. Both the
falling velocity of amyloplasts upon geotropic stimulation and their
final location are influenced by the ER-complex. Griffiths & Audus (1964)
concluded that the tangled mass of ER, normally locéted at the apical end
of the cell, was displaced as a result of the amyloplast movement, into
the upper half of the cell during geotropic stimulation. They assumed
that this was merely a question of mutual exclusion as the large amylo-
plasts occupying space in the lower sectors made it impossible for them
to contain aggregations of ER. The matter of ER-displacement will be
discussed in detail in Chapter IV but it seems necessary at the present
time to stress that the connections between ER-membranes from one cell
to the next through plasmodesmata (Fig. 6) make the ER-complex fairly
rigid and stationary, and therefore displacements of this system seem

unrealistic.



- 45 -

In sections the ER-membranes constitute only a limited area of
the cell. From serial sectioning the impreséion of an extensive membrane-
complex is confirmed (Fig. 6) and the area of ER increases more or less
proportionally with the volume of the cell in the root tip. Clowes &
Juniper (1964) and Juniper & Clowes (1965) have estimated there to be
about 400 pm2 of ER in dividing cells and up to 10.000 pm2 in fully dif-
ferentiated cells of the root cap.

In a detailed étudysievers& Volkmann (1972) pointed to the
structural differences in the peripheral columella cells of cress. They
reported that the ER-complexes have a parabolic shape and the surface
areas of the peripheral ER-complexes form an acute angle with the plant
organ axis. They related the positions of the amyloplasts before or
after geotropic stimulation to the location of the ER-membrane system and
suggested that geoperception in roots may be a function of pressure exer-
ted differentially by the amyloplasts on the ER-complex.

The distribution and location of the ER-membrane complex in
columella cells of cress has previously been reported (Iversen 1968), but
the structural differences between the central and peripheral columella
cells were not stressed. In the present study this has been taken into
consideration and this matter will be discussed in Chapter 1IV.

. The participation of the Golgi apparatus in the geotropical
reaction chain has been suggested by several authors. Both the Golgi
apparatus and the endoplasmic reticulum, and the vesicles produced by
both, are closely associated with wall increment. Several studies have
indicated that in specific plant cells, the cisternae and vesicles con-
tributing to the plasmalemma and cell walls, are derived from the Golgi
apparatus. The production of large vesicles from the hypertrophied dic-
tyosomes and the accumulation of these vesicles on the cell wall in the
outer root cap of maize (Fig. 8),.has previously been observed by several
authors (Mollenhauer EE.EE: 1961, Mollenhauer & Whaley 1963). Using
autoradiographical methods Northcote & Pickett-Heaps (1966) demonstrated
how tritium-labelledcell wall precursors were transported in the Golgi
vesicles to the cell wall in the root cap cells of TritZcum. These re-
sults were taken as conclusive evidence for the role of the Golgi appa-
ratus in cell wall increment. Similar experiments have been performed
both on lower and higher plants (e.g. Barton 1968, Brown et al. 1969,
Morré 1970) and the participation of the Golgi apparatus in the formation
of the cell plate as well as the primary and secondary cell wall, is

generally accepted.
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The close correlation between the displacement of Golgi vesicles
and the geotropic curvature has been clearly demonstrated in the Chara
rhizoid (Sievers 1965, 1967, a, b, ¢, 1971, Sievers & Séhréter 1971). 1In
the normally oriented rhizoid the dictyosomes can be observed above the
statoliths ("shining bodies" ; see Chapter I). When the rhizoid in the
normal position grows as a result of the incorporation of Golgi vesicles
in the cell wall, this growth is. uniformly distributed over the entire
growing tip region. 1In a horizontally positioned rhizoid the statoliths
sink to the lower part of the tip and thereby they block the lower passa-
geway of the Golgi vesicles and widen the upper path. As a result, a
differential growth occurs on the upper and lower sides; the growth of
the first becomes intensified, the latter stops. This causes the tip
to develop a positively geotropic curvature downward.

Complications arise for various reasons when this theory based
on a comparatively simple system, is applied to higher plants. This
has been done by Shen-Miller & Miller (1972 a) who examined the distri-
bution and activation of the Golgi apparatus in the tip cells of the
oat coleoptile. They found a differential distribution of dictyosomes
in the avascular tip celis upon geostimulation and they also observed a
differential activation of the dictyosomes with respect to gravity in
the tip cells of the lower tissue. Similar differences in the distri-
bution and activations - -occurred also in other regions of the coleoptile.
Based on these observations the'authors suggested that the Golgi appa-
ratus participates in the differential elongation of cells after geo-
stimulation of coleoptiles.

The ultrastructural study of the occurrence of dictyosomes in
the different regions of the root tip presented in this chapter,. indi-
cate that these organelles, at least in maize, contribute to the growth
of the cell wall. The occurrence of the quiescent and active forms of
dictyosomes can also be closely correlated with the respective regions
of cell growth and enlargement. It is, however, at the present time
difficult to decide at which stage in the geotropic reaction the Golgi
vesicles are involved, do they act as geosensors or do they contribute
to the secondary physiological phases preceding geotropic curvature, or
both?

A possible role for microtubules in geotropic reaction patterns
has, up to the present time, not been considered. It is wellknown from
animal cells that microtubules are implicated in a great variety of sub-
cellular structures and functions. They are found in the sperm manchet-

te, in elongated animal cells including neurons, and as the marginal
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band in erythrocytes. They also compose the fibres of mitotic spind-
les, the tubular structures in centrioles and basal bodies, and the

9 + 2 array of axonemal filaments in cilia and flagella. Microtubules
are assumed to function in a variety of ways; e.g. they participate in
a moﬁile system in cilia and flagella. They are also believed to per-
form a cytoskeletal role in the production and maintenance of cell a-
symmetries and they may be involved in the transport of cytoplasmic
materials.

The occurrence of microtubules as components of plant cells
was reported by Ledbetter & Porter (1963). Studies on the function of
microtubules in plants have been concentrated on their involvement in
the mitotic processes and their control of cell wall microfibrils. It
is now generally accepted that they play a directive role in morphoge-
nesis, either by controlling the movement and positioning of other
cellular substructures, or by serving as a cytoskeleton. One aspect,
which has not yet gained considerable attention, is their ability to
be polymerized and depolymerized rapidly at different intracellular
loci as conditions change during growth and differentiation. In this
connection the paper presented by Atema (1973) is of special interest.
It is there proposed that ciliary microtubules are actively involved in
the reception and transduction of sensory information from the distal
portion of the dendrite to the basal body area of the receptor cell in
specific sensory systems. The receptor cells of these sensory systems
are ciliary in nature and each cilium contains the 9 + 2 arrangement of
microtubules characteristic for motile cilia and flagella. It is as-
sumed that environmental stimuli may cause stimulus-specific conforma-
tional changes in the microtubule protein (tubulin). These changes may
be propagated along the tubulin polymer filaments and once this coded
informations has reached the cell body a classical transduction mecha-
nism most likely takes over.

The fact that microtubules also exist in all types of root tip
cells introduces the fascinating possibility that a similar mechanism
to the above could account for the inittal physiological phases (per-
ception and transmission) in geotropic reactions. However, too little
is known at the present time about the properties of the protein compo-
sition in plant microtubules to say whether or not these organelles are
relevant to the problem of elucidating the graviperception mechanism in

plants.









- 50 -~

in the lower half of the root. Optimal or supraoptimal quantites of
auxin in the elongation zone of the roots and the possibility of late-
ral auxin transport are prerequisites to thé application of the theory
to root geotropism. After stimulation, the deflection of auxin to the
lower side of the root produces a retardation of growth there and a
lessening of inhibition in the upper half. The present understanding
of the mechanism of differential growth in the geotropic process is,
howevér, very poor. Several investigators (Audus & Brownbridge 1957,
Audus & Lahiri 1961, Wilkins 1971) have accepted that the release or
synthesis of a growth-inhibiting substance may be involved.

In Sachs' (1874) classical illustration of the curvature of
a root stimulated in the horizontal position, the extreme tip was given
a symmetrical shape and Sachs accepted that the anatomy of the tip re-
gion was unaltered and reached its normal, vertical position by the cur-
vature of the more basal parts. The shape of the tip in the original
illustration was later modified by Rawitscher (1932) who assumed that
the curvature very soon after the stimulation became markedly asym-
metric and only later resumed its normal, domelike shape. The '@ asymme-
try in the root tip has .also been noticed by several other investiga-
tors (g,g} Riss 1914) and Larsen (1962 p. 153) points out that the geo-
tropic curvature initially begins at the extreme root tip.

In a few reports results have been presented where light ap-
pears to affect the gedtropic development of roots. Lake & Slack (1961)
who worked with several higher plants, suggested that exposure to light
was a prerequisite for geotropism in some roots. Vanilla roots, which
are diageotropic when grown in the dark, become positively geotropic
after exposure to blue light (Irvine & Freyre 1961). In a recent ar-
ticle Tepfer & Bonnett (1972) have shown that the geotropic behaviour
in radicles of root cultures of Convolvolus arvenstis L. is influenced by
light, Most of the experiments in the presented wofk have been perfor-
med in the dark but as handling of the cress seedlings for the geotro-
pical experiments has been done under weak, green light it was felt
necessary to examine if there were light and geotropic interactions
also in the cress roots.

In the present chapter a detailed study of the geotropic de-
velopment of cress roots in total darkness and under the influence of

green "safelight", is presented.
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Table 3. The effect of growing conditions on the development of geo-—
tropiec curvature of cress roots. The roots have been pre-
treated in the following manner:

A. The sterilized seeds were germinated in petri dishes for
24 hours and then transferred to agar plates for an additio-
nal 24 hours.

B. The sterilized seeds were placed directly on agar slices
and the seedlings kept there for 48 hours.

The handling of both groups of seedlings was performed under
green safelight. The mean error (e) and the stimulation
period (S) are indicated,

Pre- Root- Number of Curvature, degrees + e
treatment length (mm) roots (n)

30 Min (S) 60 Min (S)

31.0 29 14.3 + 0.6 28.4 + 0.7
26.0 33 : 13.9 + 0.9  26.8 + 0.5
however, the roots have attained a certain length ( > 25 mm) the curva-

ture seems to be independent of the root length whether the stimulation

period is 30 or 60 min (Table 4 B).

Table 4. The correlation between cress root length and geotropic curva-
ture.

A: The roots have developed from seeds between agar plates in
total darkness (dark-grown roots).

B: The roots have been handled in weak, green light when trans-
ferred from petri dishes to agar plates (light-~grown roots).
The mean errors (e) are indicated.

Stimulation Root Curvature, " Total numbers of

Period (min) length, mm + e degrees + e experiments plants
60 18.2 + 0.4 16.5 + 0.9 5 39
60 32.5 + 0.6 25.7 + 0.6 6 56
60 37.7 + 0.8 26.1 + 0.9 4 28

B
30 26.1 + 0.8 14.4 + 0.9 3 16
30 32.0 + 0.4 12.8 + 0.6 8 72
60 26.1 + 0.8 ©29.1 + 0.7 3 16
60 33.0 + 0.5 28.4 + 0.6 3 29
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the vertical. Whether this curvature is a result of differential cell
elongation or of changes in the rate of embryonic growth or both, is
still a matter of dispute. Wagner (1936) found a temporary increase
in the number of mitoses in geotropically stimulated roét tips of
Allium, perhaps with a predominance in the upper half, but contrary to
these results Younis (1954) did not find any difference in the number
of cells in the uppef and lower halves of stimulated root tips of
Sinapis and Vicia.

According.fo Jensen (1955) foﬁr méjo} stageé of cellular de-
velopment occur in the apical three millimeters of Vicia faba L. root
tips. They are the stages of 1) cell- division 2) radial enlargement
3) beginning elongation and 4) active elongation. The mature root cap
cells are in this connection excluded. 1In the last period of the first
50 min of horizontal stimulation of cress roots (Fig. 19), the curvature
is assumed to be caused by beginning elongation of cells in the upper
half of the procortical and cortical region approximately 1200 to 1800 jm
from the tip. In the present study, this differential elongation has
been expressed as the length of the cortical cells on the upper and lower
sides (Table 1) but it should be remembered that the increase in length
is only a-simplified expfession of the complicated metabolic processes
which éccur in the procortical cells. The basipetal extension of the
curving region after 2 to 3 hours of stimulation is the result of diffe-
rential growth of cells in the elongation zone, which is localized 2 mm
from the tip and backwards.

The rate of curvature of cress roots does not seem to be de-
pendent on the stimulation time when the roots have been stimulated for
10 min or more prior to rotation at 2 rpm on the klinostat (Fig. 23).
These results are in agreement with the resﬁlts presented by Larsen
(1957) working with Artemisia roots. This independence of the rate of
curvature from stimulation time seems to be peculiar to roots. In con-
trast the rate of curvature of hypocotyls of Heltanthus has been shown
to be dependent on the duration of the stimulation (Andersen & Johnsson
1972).

As shown in Fig. 17, cress roots growing between agar plate-
lets do not reach the vertical position within a 12-hour stimulation
period. The curvature pattern in various growth media has been exten-
sively studied by Holman (1916) on leguminous plants. He observed that
in compressed sawdust the root tip of Vieia faba L. reached the verti-
cal position after 9 to 18 hours. Although the initial rate of curva-

ture is much higher in roots growing in air a counter reaction prevents
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initial stages in the geotropic curvature are turgor movements. The
observation that the time-limited elongation of the upper cells of
some zones of the root tip, which appears between 10 and 30 min, is
reversed after 50 min (Table 1) supports this interpretétion. A corre-
lation to turgor movements is also indicated by the location of the
increased elongation to the epidermal cells, which are the most highly
vacuolated cells ahd.therefore the most sensitive to changes in the
osmotic conditions in the root tip. The possible connection between
such movements and the statolith function is difficult to see.

The question is now whether the asymmetry which appears in
the initial stages of the geotropic curvature constitutes one phase in
the development of the curvature and the subsequent curvature in the
elongation zone another. If these are two separate processes they
might be initiated by two different starting signals. Alternatively,
the geotropic curvature might be initiated as an asymmetry caused by
differential elongation of the epidermal cells of the root cap, follow-
ed by a flow of information from the root cap to the elongation zone.
Irrespective of whether the curvature develops in one or two phases it
is important to direct attention to the fact that the initial geotro-
pic reaction as a response to the amyloplast movement starts in the
root cap. This must be taken into account when discussing the sub-
sequent stages in the geotropic response.

If we accept the Cholodny-Went theory and the existence of
two phases, it can only be applied to the curvature which appears in
the elongation zone, i.e. the second phase. At the present time the
geotropic reaction is generally accepted to be an auxin—regulated growth
process. Auxin is assumed to promote the synthesis of cell wall mate-
rial and to participate in the active extension of the cell wall by
intussusception. The asymmetric distribution of amyloplasts in each
root cap cell may lead to a biochemical polarization of the cell. 1In
an unexplained manner the entire columella region becomes transversally
polarized, and the signal which is emitted basipetally results in the
asymmetric distribution of auxin in the elongation zone. The same ex-
planation can not be aéplied directly to the first phase. It is highly
probable that the movements of the amyloplasts are also responsible for
the reaction pattern in the first phase. A transversal polarity must
be initiated in the root cap region, but since the geotropic response
occurs in the epidermal zone in this region, this phase is independent
of a longitudinal transport and therefore it is unlikely that auxin

participates in the first phase.
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; . o . ,
c. Stimulation at 135 without previous inversion

(Figs. 30 C and 32 g)

When roots are turned to a position 135o removed from their
normal direction, the amyloplasts start falling and sliding as in case
B, but in 10 min they do not get as far as if they had been inverted
completely (the open circles in Fig. 32 C). In Storey V, they do not
seem to move at all, but this is probably because their initial posi~-
tion was actually closer to the floor than indicated by the plus sign.
In Storeys II, III, and IV, they slide parallel to the cell wall for
distances of 2, 7, and 3 um, respectively. Such roots would have pro-
duced larger geotropic curvatures than in case é'(450), where there

was no sliding.

d. Stimulation at 135O after inversion for 16 min -

{Figs. 30 D and 32 D)

In roots kept inverted for 16 min, the amyloplasts have pre-
sumably moved as far as they can toward the ceiling of the statocyte.
If the roots are then turned to the 135° position, one would expect the
amyloplasts to move only a short distance in direction of the lower,
longitudinal cell wall, but not to slide along the wall. This was ac-
vtually found to be the case in Storeys II, III, and V. In Storey IV,
the amyloplésts seem to have slid about 4 ym parallel to the cell wall,
but cohsidering the consistent pattern in the other storeys, this re-
sult is probably due to experimental errors. At least it is evident
that there is much less sliding along the cell wall in this type of ex-
periment than in cases B and C, and if similarly treated roots had been
allowed to carry out geotropic curvatures, these would have been smaller

than in those cases, when recorded after 20 to 30 min (Fig. 38).

e. Electron micrographs

Figs. 33 and 34 are electron micrographs of statocytes from
Storey II of root caps of roots that had been stimulated for 10 min at
45o and 1350, respectively. These figures show that the amyloplasts
accumulate in the lowermost corner of the cell, but also that they are
prevented from touching the plasmalemma by the presence of other orga-

nelles, particularly endoplasmic reticulum (ER). The nucleus is always
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The main purpose of this experiment was to check the effect,
if any, of the method of turning the plants, and the results indicate
clearly that there is no significant difference in the geotropic res-
ponses between plants turned the shorter and the longer way to the

horizontal position before being rotated on the klinostat.

D. Discussion

If the normal location of an optimum for geotropic stimula-
tion at angles around 1350 is to be explained by amyloplast sliding,
then, as pointed out in the introduction, one would predict that roots
which had been kept inverted long enough for their amyloplasts to ac-
cumulate in the opposite end of each functional statocyte would show
an optimum around 450. The demonstration of such an optimum in pre-
inverted roots would thus serve as a support for the starch statolith
hypothesis. Approaches towards the expected shift of the response
curve by pre-inversion of the roots were reported by Larsen (1965,
1969), but the results reported in the present chapter demonstrate
the shift much more clearly. The starch statolith hypothesis has thus
received additional support. But as pointed out previously by Larsen,
some factor other than statolith movements also has a strong influence
on the development of the geotropic curvatures. Among other things,
this is evidenced by the fact that in pre-inverted roots, the optimum
does not remain at its initial position around 450, but sooner or.
later is found around 135o as in not pre-inverted roots. In Fig. 38
B, this happens between 30 and 40 min after the beginning of klino-
stat rotation, in Fig. 39 somewhat soorer. The time of this transi-
tion seems to be influenced by small changes in the experimental condi-
tions.

If we compare the time courses of the curvatures at 450 and
135O in normal and in pre-inverted plants (Figs. 40 A and 40 B), we
notice that in both cases the curvatures at 45o come to a stop, Or even
decrease, within the chosen duration of the experiment. 1In Fig. 40 A
this happens between 40 and 60 min, in Fig. 40 B already at about 30
min. At 1350, on the other hand, the curvatures continue to increase
at least for a whole hour. A similar pattern emerges if the responses
to stimulation at 15° and 165O are compared in the same way. These
effects, except for the actual time of the stop at the lower angle of

stimulation, are independent of the pretreatment of the roots and are
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surface into account in his experiments. More recently Raa (1971) has
demonstrated considerable enzymatic decarboxylation of IAA on the cut
surfaces of cabbage.

The technique with segments and agar blocks has also been
used for demonstration of polar movement of auxin in shoot segments.
The problems concerning the fate of auxin are the same in shoot as in
root segments. Working with Avena coleoptiles, Goldsmith & Thimann
(1962) stressed destruction and immobilization of IAA as possible sour-
ces of error in experiments with excised segmeﬁts.

Despite the problem with segment transport experiments, re-
latively little attention has been directed towards the auxin transport
mechanism in intact plants. It is not known to what extent results
from the translocation experiments with segments are applicable to the
movement and metabolism df auxin in whole plants. However, one would
expect experiments with intact plants to provide data more directly
related to natural conditions.

Only a few studies of the transport and metabolism have been
conducted with intact plants. Eschrich (1968) detected labelled mate-
rial in various parts of autoradiographs of VZiecia faba L. plants when
IAA—2—14C had been fed to fully expanded leaves, indicating both upward
and downward movement. He concluded that the applied IAA moved in the
sieve tubes but two other water soluble, labelled derivates of IAA were
formed in parenchyma cells and were phloem—-immobile. After injection
into cotyledons of Phaseolus coccineus L., Whitehouse & Zalik (1967)
observed acropetal translocation of IAA—l-l4C in shoots and coleoptiles.

Morris et al. (1969) working with light-grown dwarf pea seed-
lings, found that only part of the IAA—l—l4C and IAA—2—14C applied to
the apices of the seedlings was tranéported unchanged to the root sys-
tem. Several minor derivates of IAA and large quantities of a compound
tentatively identified as indole-3-aldehyde were readily transported to
the roots and could be extrécted from these. 1In the roots, they also
detected indole-3-acetylaspartic acid as an immobile conversion product
of the applied IAA.

The effect of auxin on the geotropical curvature in the roots
has been examined in quite a few studies in the past decades. Geiger-
Huber & Huber (1945) observed that if decapitated roots of Zea mays L.,
which normally did not show geotropical reactivity, were uniformly supp-
lied with auxin they would perform positive geotropic reactions. This

and similar results (e.g. Pilet 1953) have been interpreted as indicating
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(5 :1: 2.2 v/v, a single-phase system), 70% ethanol, and quartz-
distilled water. The developed thin-layer chromatograms were cut into
6, 10, or 20 sections, and the different zones were tested in the 1li-
quid scintillation counter. Comparisons were made with several authen-
tic, unlabelled indole compounds which were added to the methanol ex-
tracts of unlabelled plant roots and chromatographed in parallel with
the samples under investigation. Where possible, the auxin spots

were made visible by spraying with a 1% solution of p-dimethyl-amino-
cinnamaldehyde (DMCA) in HCl-ethanol. Fluorescence under UV was also

used to determine the position of the compounds.

Geotropical experiments with plants treated with isotope-

labelled auxins

After the translocation period (5 or 20 h) the dwarf wax bean
plants were stimulated for 5 min in the horizontal position and then
rotated parallel to the horizontal axis of the klinostat previously de-
scribed (see Chapter III). Before start of stimulation a certain num-
ber of roots exhibited small curvatures. If these initial curvatures
exceeded i_SO the respective roots were disregarded. Angles of curva-
tures were measured in the normal manner (see Chapter III) on images of
the roots projected from the negatives onto a scale of degrees by means
of a specially constructed Leitz Model SM microscope.

Root elongation was determined by projecting the negatives
onto a wall and measuring the length of the enlarged root images by
means of a chartometer.

Handling of the seedlings was done under weak, green "safe-

light.™"

C. Results

Non-biological decarboxylation of IAA—l—l4C

Preliminary experiments had shown that non-biological destruc-
tions of auxin influenced the results of auxin transport studies. When
IAA—l-l4C was dissolved in distilled water and a glass-fibre disc with
was supplied, the amount of l4CO recovered

2 2
from the gas phase was much higher than the average counts determined when

a trapping agent for CO









