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ABSTRACT

The Roles of Mechanical Stress and Ethylene in Clinostat-

Induced Leaf Epinasty and Gravitropic Response of Dicot Shoots

by

Raymond M. Wheeler, Doctor of Philosophy
Utah State University, 1981
Major Professor: Dr. Frank B. Salisbury
Department: Plant Science

Aminoethoxyvinyl glycine (AVG) and silver thiosulfate, antagonists
of ethylene biosynthesis and action in plants, both delayed onset of
leaf epinasty in Xanthiwm strumarium L. (cocklebur) plants rotated on
horizontal clinostats. Xanthiwnm plants mechanically stressed by con-
tinuous horizontal or vertical shaking, or continuous twisting back
and forth, did not develop any significant epinasty, while plants in-
verted every 20 minutes (upside down half the time) did develop epinasty.
From this it appears that clinostat-induced epinasty is a result of
gravity compensation rather than mechanical stress.

Treatment of Xanthium, Lycopersicon esculentum Mi11. (tomato), and
icinus communis L. (castor bean) plants with inhibitors of ethylene bio-
synthesis, AVG and cobaltous ion, and inhibitors of ethylene action,
silver ion and carbon dioxide, significantly delaved stem gravitropic
response times. AVG and silver weredependably effective in delaying
gravitropism, while carbon dioxide and cobalt wereless effective.

Unilateral application of ethephon solution (1%) to the upper 10

centimeters of tomato stems, caused stems to deflect up to 80° toward




X311

the side of application after 24 hours on a clinostat, while unilateral
application of indole-3-acetic acid in lanolin paste (1%) to tomato and
cocklebur stems caused up to 250° and 200° bending respectively, away
from the side of application after 24 hours on a clinostat.

Cocklebur stems that are restricted from bending after placing
them horizontally store bending energy as seen from the springing upward
that occurs when the stems are released (up to an average of 150° after
40 hours of restriction). Most of these stems also showed a stored
stimulus of gravitropic bending, continuing to bend for several hours

after release and being placed upright, before straightening.

(196 pages)




INTRODUCTION

Three years ago I concluded research for a master's degree dealing
with responses of greenhouse tomato plants to mechanical stress. Since
then, I have continued in the same laboratory under Dr. Frank B. Salisbury,
my major professor. Our curiosity continued in the area of mechanical
stress in plants, but we have since extended these interests, particu-
larly with regard to a role for mechanical stress in plants rotated on
horizontal clinostats.

Clinostats are devices capable of rotating plants slowly, usually
about a horizontal axis, which is often the stem-root axis. If a
potted plant is attached to the wheel of a clinostat and the device is
turned so that the plant is in a horizontal position, sTow constant
rotation of the plant can be used to negate the unilateral influence
of gravity. Gravity then affects the plant from all directions, and
its total vectoral influence is zero. This is the basis for using clino-
stats as zero-gravity simulators. Hypogravity (0-1 g) can be simulated
by rotating around an axis at some angle to the horizontal. This has
also been called gravity compensation or gravity nullification (Brown
et al., 1976 a).

Tibbitts and Hertzberg published a paper in 1978 discussing the
mechanical effects of clinostating on Tagetes patula (marigold) plants.
With the aid of several drawings, they showed how the leaves of these
marigolds were continuously displaced during the rotation cycle; i.e.,
they "flopped" back and forth. The weight stress of the leaves caused

continuously shifting strains in the petioles and blades during the

rotation.




Clinostating typically causes leaf epinasty (a downward bending)
in plants (Pfeffer, 1906), and such responses are known to be mediated
by the plant hormone ethylene (Leather et al., 1972). Similarly, mech-
anical stress responses in plants are thought to be mediated by ethylene
(Jaffe and Biro, 1979), and mechanical stress has on occasion been shown
to cause mild leaf epinasty (Mitchell et al., 1975); therefore it seemed
likely that mechanical stresses in the leaves of clinostated plants could
cause ethylene evolution, which in turn might produce epinasty.

Over the past three years this laboratory has attempted to assess
the role of mechanical stress in clinostat responses in plants, particu-
larly leaf epinasty, through two basic experimental approaches. First,
can mechanical stresses comparable to those of clinostating also produce
leaf epinasty? And second, can elimination of mechanical stress prevent
epinasty in clinostated plants?

Since clinostats are thought to negate gravity's influence, a logi-
cal follow-up of the preceeding studies would be an attempt to gravity
compensate plants by some other means, while minimizing any mechanical
stimulation. Then one could determine if leaf epinasty is truly a re-
sponse to clinostat negation of gravitational effects. However, alter-
nate methods available for gravity compensation are very Timited. Sat-
ellite free-fall would be the best condition for such studies, but
opportunities for such experiments have been available only rarely in
the past. (Hopefully this will change soon with Space Shuttle flights.)
Because of this limitation, periodically inverting plants was the only

other method we employed for attempting gravity compensation.

Another area that I investigated involved the participation of the




plant hormone ethylene, both in responses to mechanical stresses including
clinostating and in the general gravity responses of plant shoots. If
clinostats were indeed found to cause the ethylene mediated epinasty
through altering or disruption of gravity perception in plants, then
these would seem appropriate adjunct studies.

The results of such investigations could provide evidence one way or
the other on the reliability of clinostats as hypogravity simulators and

shed further Tight on the complex and still unsolved mechanisms of gravi-

tropic response in plants.




LITERATURE REVIEW
Gravitropism

Attempts to understand the response of plants to gravity continue
to be one of the longest, on-going studies in the field of plant physiol-
ogy. Frank introduced the word "geotropism" in 1868 (see Rawitscher,
1937), with early investigations being undertaken by such people as
Ciesielski, Sachs, Pfeffer, Noll, Czapek, and Charles and Francies Darwin
(see Rawitscher, 1937; Larsen, 1962). Several comprehensive reviews
have been written on plant response to gravity in recent years, and I
will draw largely on these papers for this literature review, restricting
references to higher plants. These summaries include Larsen (1962),

Anker (1962), Audus (1962), Hoshizaki (1973), Juniper (1976), Audus (1979),
Wilkins (1966 and 1979), and Volkmann and Sievers (1979).

The following are terms commonly used in literature concerned with
plant gravitropism: The word gravitropism is now preferred to geotropism
in order to more clearly relate the growth response to gravitational
force and not just the directed growth response to an acceleration of
9.8 m 5‘2 at our planet's surface (Sievers and Volkmann, 1979). The
liminal direction is the normal orientation of an organ in a gravitational
field; orthotropic growth describes an alignment of plant organs parallel
to gravitational field Tines (e.g., main shoot and tap root); plagiotropic
(plagio-gravitropic growth describes all planes of growth other than
parallel to the gravitational field lines (e.g., branches, Teaves, and
secondary roots); and diagravitropic growth is a special form of plagio-

tropic growth that is parallel to the surface of the ground or perpendic-

ular to the gravitational field lines (e.g., rhizomes or stolons). Hori-




zontal growth has also been referred to as horizontal nutation, trans-
verse gravitropism, or agravitropism (see: Larsen, 1962; Hoshizaki, 1973;

and Abeles, 1973).

Perception of gravity

Perception of gravity is generally looked upon as the first step in
the sequence of events as plants reorient themselves with respect to grav-
jty. This is followed by a transmission or transduction stem, with the
reaction or response being the last event in the sequence (Hoshizaki, 1973;
Volkmann and Sievers, 1979). The term (minimum) presentation time is com-
monly used is discussion of gravity perception in plants and refer to the
shortest stimulation time sufficient to elicit a visible response (Brain,
1926). ILatent time is the period from the beginning of the stimulation
to the first visible response (Hawker, 1932).

Knight (1806) was the first to show the similarities between the ef-
fects of centrifugal force and gravity (see also Westing, 1964), but the
force perception mechanisms were not well understood for many years after
this. Noll (1892, 1900) first suggested the idea of statoliths or grav-
ity perceiving particles in crustaceans. As the organism reoriented it-
self, the statoliths would settle on different parts of membranes of the
perceiving cells or tissues (Rawitscher, 1937). Nemec (1901) and Haber-
Tandt (1902) independently postulated that starch granules might serve as
statoliths in plants. Starch grains are known to be contained within amy-
loplasts (Juniper, 1976), and it is now thought that amyloplasts serve as
the statoliths proposed by Nemec and Haberlandt. Interestingly, barium

sulfate crystals have recently been shown to act as statoliths in the

large single-celled alga Chara (Sieversand Volkmann, 1979).




The amyloplast statolith theory (see Darwin, 1903) has been put to
the test through the years and still appears to be the most popular
theory for gravity perception in plants (Juniper, 1976), with most of
the favorable evidence coming from experiments with roots and the few
contrary arguments from shoots (Hoshizaki, 1973).

Tests for the starch-statoliths have involved direct observation,
removing of perceptive tissue, chemical removal of starch, and mutant
strains of plants without starch (Volkmann and Sievers, 1979).

Hawker (1932) observed a close correlation between the amount of
statenchyma (starch statolith containing tissue) in roots, hypocotyls,
and epicotyls, and gravitropic sensitivity. But, even more convincing
evidence for the statolith theory has come from root cap studies. The
root cap clearly appears to be the graviperception center in-roots. The
cells of the root cap in Zea mays seedlings contain numerous amyloplasts,
while the meristematic and elongation tissues do not, although these
tissues appear to be the sites of reaction (Junipey, 1976). Removal of
the caps in Zea seedlings destroys all gravitational response in the
roots, without affecting elongation (Juniper et al., 1966). But Pickard
and Thimann (1966) observed delayed response in Avena coleoptiles persis-
ting after starch had apparently been removed in the tissue following
treatment with a gibberellin-kinetin mixture (sulfur dioxide, cold, and
dark treatments have also been used to remove a plant's starch, but with
mixed results as to effects upon gravitropism; see Haberlandt, 1902 and
Wilkins, 1966). However, Iversen repeated these experiments (1969, 1974)

and contends, after close scrutiny with the electron microscope, that

Pickard and Thimann probably did not dissolve all the amyloplast starch.
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With further refinement of their techniques, however, Iversen was able
to totally rid the amyloplasts of starch after which the gravitropic re-
sponse in the treated plants was destroyed.

The role of amyloplasts as statoliths has also been examined in tis-
sues around the nodes (i.e., the leaf sheath base or pulvinus) of several
grass species. The amyloplasts of dvena nodes are confined to parenchyma
cells around vascular bundles and have been observed sedimenting toward
gravity within 10-15 minutes of gravistimulation (Dayanandan et al., 1976).
Osborne and Wright (1977) have observed amyloplasts settling in highly
vacuolate statocyte cells within 2.5 min after inverting Echinochloa
colonum plants.

Griffiths and Audus (1964) observed some displacement of dictyosomes
in gravistimulated root-tip cells of Vieia faba, but concluded that amylo-
p1ast§ were the only organelles to show marked sedimentation. Shen-Miller
and colleagues have examined the settling movements of mitochondria, golgi
apparatus, and dictyosomes, and observed increased dictyosome number and
activity in the lower region of cells in the apex of gravistimulated oat
coleoptiles; they concluded that dictyosomes or at least an interaction
of dictyosomes and amyloplasts may be the gravity perceiving mechanism
(Shen-Miller and Miller, 1972 a, b; Shen-Miller and Hinchman, 1974). How-
ever, Volkmann and Sievers (1979) reported the densities of amyloplasts,
mitochondria, and dictyosomes as 1.5, 1.2, and 1.125 g.cm’3, respec-
tively, and concluded that neither mitochondria nor dictyosomes could
be the primary sedimenting particles, because of their lower densities.

The possibility of dictyosomes being the major sedimenting particles

has since fallen from favor, and their apparent increase on
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the bottom side of cells with gravitational stimulation might be an early
step in the response mechanism (Audus, 1979).

Thus, the only serious evidence against the statolith theory, Pickard
and Thimann's experiments, has been refuted (Iversen, 1969, 1974). None-
theless, several discrepencies still exist with amyloplast-statolith per-
ception of gravity. Organs such as the perianth of Clivia nobilis and
the aerial roots of the epiphytic orchid Laelia anceps, both respond to
gravity, but no amyloplasts have been observed in these plant tissues
(Wilkins, 1966). Other evidence against the statolith theory comes from
the works of Iwami and Masuda (1974) and Firn and Digby (1977, 1980), in
which peeled segments of Helianthus and Curcurbita hypocotyls did not
respond to gravity, pointing to the peripherial layers as the perceptive
tissue in these organs. Since sedimenting amyloplasts have not yet been
found in the epidermis of these hypocotyls, some other perception system
could be at work (Audus, 1979; Wilkins, 1979). But removal of the epider-

mis could upset steps in the response other than perception.

Mechanisms of action

One of the main questions in understanding gravity responses in
plants is the transformation of the physical signal caused by the grav-
ity into a physiological signal; the problem is particularly unique with
gravity, which acts on all cells the same way (Volkmann and Sievers,
1979). Juniper (1976) lists eight possible mechanisms of action for
statolith system gravity perception: (1) motion of the statolith within
the statocyte (perceiving cell); (2) asymmetrical distribution of, or
pressure on endoplasmic reticulum membranes by the statoliths; (3) dis-

placement of weight within the root cap; (4) displacement of and/or

asymmetrical function of the dictyosomes; (5) asymmetrical pressure on




the plasmalemma; (6) asymmetrical distribution of enzyme activities on
the statocytes; (7) statoliths as transport barriers; and (8) inter-
action between statoliths and plasmodesmata operating a valve-like
mechanism of the endoplasma reticulum and the plasmodesmata for some
chemical signal or hormone flow.

Juniper (1976) favors the last of these mechanisms in which the ER
membranes are connected between adjacent cells by desmotubules. Then,
as amyloplasts would settle on ER membranes, they would close the plasmo-
desmata below them to intercellular exchange. Audus (1979) has tested
this model with computer simulation and found that it works well in
theory with one exception: Juniper's model cannot account for theoreti-
cal hormone flows if the plants are inverted prior to being placed hori-
zontally, thereby forcing the amyloplasts to the proximal end of the
cells (normally the upward end in roots). If such inverted roots are
turned horizontally, they grow downward, but the model, according to
Iversen (1974) and Audus (1979), predicts a reverse curvature.

Volkmann and Sievers (1979) strongly favor an ER-amyloplast pressure
interaction as a mechanism for gravitational response (see also Juniper
and French, 1973). They contend that such a mechanism is the only one
able to account for presentation times as low as 12 s in Lepidium roots
(see also Johnsson and Pickard, 1979). Amyloplast movement within cyto-
plasm is far too slow to account for such observations, if settling upon
the plasmalemma or even partial transit within the statocyte is the mech-
anism of action for statoliths. When Lepidium roots are stressed with
treatments known to upset gravitational equilibrium such as horizontal

clinostating, electric fields, centrifugation, ABA treatment, or forced

to grow upward in capillary tubes, aside from the amyloplasts being
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distributed throughout cells after clinostating, the only consistent dif-
ference caused by these treatments is a redistribution of the normally
distally located endoplasmic reticulum membranes. Such results suggest
a crucial role for these endoplasmic reticulum cisternae in gravity per-

ception (Volkmann and Sievers, 1979).

Links between graviperception and responses

Cholodny (1927) and Went (1928) independently proposed that auxin em-
anating from the apex of a plant organ moved basipetally (away from the
apex) toward the elongating tissue and deflected laterally toward the low-
er side of the organ, dpeneding on its inclination from the vertical (see
also Went and Thimann, 1937). In shoots, the excess auxin would cause
more elongation on the lower sides, thereby causing the organ to curve up-
ward; whereas in roots, the excess auxin would inhibit elongation of cells
on the Tower side and cause the root to curve downward (Wilkins, 1979).

Dolk's experiments (1930), using agar receiver blocks and excised
tips, indicated that auxin did indeed move basipetally from the apices of
Avena coleoptiles. His works also provided strong evidence for lateral
transport of auxin to the lower sides of the coleoptiles, although this
process was not demonstrated unequivocally until the labeling studies of
Gillespie and Thimann (1963) and Goldsmith and Wilkins (1964), using
14c_1pA applied to Avena and Zea coleoptiles.

Brauner and Hager's paper in 1957 also indicated the essentiality
of auxin in gravitropism in green dicot shoots and hypocotyls. They de-
capitated Helianthus hypocotyls and kept them dark for four days, in an

attempt to deplete the plants of their auxin supply, after which they

placed the "auxin-depleted" plants on their sides. No curvature resulted
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from this treatment unless IAA was added to the hypocotyls stumps. This
curvature developed even if the IAA were added 12 h after the plants had
been turned upright, indicating a memory or "mneme" of the evert (Brauner
and Hager, 1957). Wilkins (1966) suggests three possible explanations
for this observations; (1) a lateral movement of a cofactor of auxin;

(2) direct sensitivity enhancement of the cells on the Tower sides to
auxin; (3) or induction of an auxin lateral transport system that per-
sists even after the stems are placed upright.

However, Brauner and Hagar's tests also pointed to some discrep-
encies in the Cholodny-Went theory for dicot shoots. If decapitated
Helianthus hypocotyls were immediately placed on their sides, they would
gravitrope nearly as fast as intact plants. These results were later
confirmed by Iwami and Masuda (1974) and Digby and Firn (1979 b),
and indicate that the apex does not necessarily serve as the source of
auxin (or other hormone). Upon further analysis of others' results,
Digby and Firn  (1976) concluded that auxin movement was too slow
and concentrations were too low to produce the observed responses in
coleoptiles and dicot shoots. They found that by removing the peripheral
layers of Helianthus hypocotyls, the gravitropic response could be de-
stroyed (without affecting growth), thereby indicating an "on-site" per-
ception and response to gravity.

Findings by Ganot and Reinhold (1970) indicated gravitropic curva-
ture could be induced in dark-grown, auxin-starved Helianthus hypocotyl
segments by placing them in Tow pH buffer solutions (e.g., pH 3.4), while
added auxin had no effect. They suggested that a general physiological

asymmetry may occur, rather than the traditionally proposed auxin or

auxin cofactor asymmetry.
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Differential translocation of substances other than IAA during
tropic response has also been observed. Arslan-Cerim (1966) observed
accumulation of 45ca in the upper halves of gravistimulated Helianthus
hypocotyls, and noted that this process was metabolically dependent.
Goswami and Audus (1976) confirmed the accumulation of calcium on the
convex sides of bending Helianthus and Zea seedlings, but concluded
that this was neither the cause nor the result of curvature, and that
it is some way linked to auxin gradients in the tissue. Electrical
potentials can develop between the top and bottom of horizontal Zea
and Helianthus seedlings (this has been called the "geoelectric ef-
fect"), but this too has been explained as a result of IAA gradients
(Wilkins and Woodcock, 1965).

The involvement of other hormones in dicot shoot gravitropism has
also weakened the Cholodny-Went theory. Railton and Phillips (1973)
found four times more gibberellins in the lower (compared to upper)
agar receiver blocks with excised Zea coleoptiles. Phillips and Hartung
(1976) found that application of GA5 to decapitated Helianths seed-
1ings restored elongation to the internodal region, which was sup-
pressed in controls, while application of IAA had no effect. Even when
lateral transport has been observed for labeled IAA in dicot shoot seq-
ments, it was greatly reduced compared to coleoptile (Wilkins, 1979),
and no lateral transport of externally applied IAA has been observed in
dicot shoot internodes (Wilkins, 1979). Similarly, no lateral trans-
port of IAA occurs in leaf sheath bases of gravistimulated grasses
(Dayanandan et al., 1976; Osborne and Wright, 1977).

Zobel (1973, 1974) noted that ethylene might play an essential role

in gravity responses of a mutant, diaaravitropic (horizontal growing)
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tomato. Applying 5 nl 1-1 of ethylene to this prostrate growing tomato
normalized upright growth, thereby implying a "positive" role for ethy-
lene in normal shoot gravitropic response of this tomato. This was in
contrast to earlier findings by Neljubov (1901) and Knight et al. (1910)
with ethylene and its diagravitropic effect upon pea shoots (i.e., it
induced prostrate growth in shoots). Zobel proposed that ethylene 1in
very small quantities might be required for normal upright growth and
that quantities used in previous experiments with other species were
probably supraoptimal.

In roots, the Cholodny-Went theory predicts that inhibitory con-
centrations of auxin move basipetally from the apex into the elongation
region, causing the root to curve toward the side of accumulation. In-
deed, some inhibitor does appear to move from the cap into the expansion
zone (Gibbons and Wilkins, 1970), but it cannot be auxin, because the
transport of IAA is highly polarized toward root tips (i.e., acropetal),
rather than away (Scott and Wilkins, 1968). Note though, that auxin
does appear to be required in some fashion for normal root bending in
some species, since Katekar (1976) and Katekar and Geissler (1977) have
shown that auxin transport inhibitors such as 1-pyrenoylbenzoic acid
(PBA) abolish root gravitropism in Lepidium sqtivum. The inhibitor in-
volved does undergo lateral transport preferentially toward the Tower
sides (Shaw et al., 1973; Pilet, 1973, 1974), and at the present, 15
appears to be ABA or a structural analogue (Kundu and Audus, 1974;
Pilet, 1974; Rivier et al., 1977). It therefore appears that the
Cholodny-Went theory still holds in principal for roots, but was wrong

with respect to the inhibitor involved. However, some arguments s

continue to be raised. Most of these are based on the failures to observe




14

accelerated growth when the root caps have been removed (i.e., when there

is no inhibitor moving into the elongation region; Firn and Digby, 1980).

Links between gravitropism and ethylene

Neljubov (1901) first described the triple response in Pisum shoots,
(i.e., shorter stems, thicker stems, and diagravitropic or horizontal
growth) to illuminating gas and particularly ethylene. The ethylene (at
sufficiently high conentrations) did not simply destroy or disorient
shoot growth, but completely redirected it in a horizontal fashion, regard-
less of the original orientation of the shoot (Neljubov, 1911; Abeles,
1973). That is, if etioleated pea seedlings were inverted or turned on
their sides, and then subjected to ethylene gas, the shoots always grew
perpendicular to the gravitational force vector (Abeles, 1973). Knight
et al. (1910) and Knight and Crocker (1913) did further experiments, con-
firming the triple response observed by Neljubov in pea shoots.

Felix Rawitscher (1923) was one of the first to correlate leaf epin-
asty (downward leaf bending), a well-known symptom of treatment with
ethylene gas (Doubt, 1917), to gravity, and developed the connection
further in a gravitropism review in 1937. Crocker et al. (1932) noted
that when tomato plants were inverted and exposed to ethylene, very
little epinasty developed compared to upright, gassed plants. They also
commented on the similarity between the night position of tomato Teaves
and ethylene-induced epinasty.

Denny (1936) showed that by placing tomatoes horizontally, epinasty
would result in a potato leaf bioassay, much as the test Teaves would

respond to Tow concentrations of ethylene; in other words, the horizontal

tomatoes appeared to evolve ethylene. Flowering in pineapples can be
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controlled by ethylene, and van Overbeek and Cruzado (1948) were able

to induce pineapple plants to flower by placing them horizontally, in-
dicating that an ethylene producing mechanism was affected by the plant's
position with respect to gravity. Abeles and Gahagan (1968) observed
that Coleus placed on their sides showed accelerated leaf abscission and
related this to the increased rate of ethylene production.

Horizontal clinostating studies have provided further clues linking
ethylene and gravitropic response through clinostat-induced leaf epinasty.
This is based on the assumption that clinostats do indeed affect the
gravity response mechanism in plants. (Many of the data from the
Biosatellite II study by NASA indicate that horizontal clinostats do,
at least in some ways, compensate for gravity and simulate weightlessness;
see Conrad, 1968; Gray and Edwards, 1968; Johnson and Tibbitts, 1968;
and Lyon, 1968 a.) Leather et al. (1972) showed that CO,, a known in-
hibitor of ethylene action (Abeles, 1973) blocked clinostat-induced
epinasty in tomato. Lyon found that both exogenously applied ethylene
and horizontal clinostating were identical in their effects on auxin
transport in pea roots (1972). Palmer found that transient petiole
epinasty in clinostated Helianthus plants was Tikewise caused by ethylene
evolution (1973). Salisbury et al. (1979) reported that silver nitrate,
a powerful inhibitor of ethylene action (Beyer, 1976 a, b), slowed clino-
stat-induced epinasty in Xanthium strumarium plants.

In so far as auxin has been implicated in the gravitropic response
(Wilkins, 1979), any interactions that occur between auxin and ethylene
might also imply a role for ethylene in gravitropism. Abeles and

Rubenstein (1964) showed that ethylene evolution correlated very closely

with endogenous auxin levels applied in Phaseolus vulgaris, and that
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asymmetrical auxin distribution in gravitropically and phototropically
stimulated hypocotyls is paralleled by an asymmetrical ethylene evolution.
Ethylene has in turn been found to affect auxin transport in plants
(Morgan and Gausman, 1966; Lyon, 1970). Kang (1979) suggests that in
events such as epinasty, an interaction of IAA and ethylene seems likely,
since auxins in general stimulate ethylene, while ethylene affects IAA
transport. It would appear difficult to separate auxin and ethylene in
some plant responses; aside from growth promotion and allied responses,
many auxin events appear to be mediated through an ethy]ené step (Burg
and Burg, 1967 a).

Finally, several cases of direct involvement of ethylene in gravi-
tropism have been reported. Chadwick and Burg (1967, 1970) and Burg and
Burg (1967 a) concluded that ethylene participated in root gravitropism
as an inhibitor, resulting from IAA-dependent production. They observed
that CO2 reduced gravitropic response in pea roots without retarding the
overall elongation rate. They were unable to observe any CO2 effects in
excised pea shoots, however, concluding that ethylene's participation in
gravitropism was probably restricted to roots.

As mentioned previously, Zobel (1973, 1974) showed that ethylene
was essential for upright growth in a normally prostrate growing tomato
mutant (i.e., without ethylene). Later studies of this mutant strain
have shown that the plant's response system to ethylene is deficient,
rather than its ability to produce ethylene (Jackson, 1979). IAA
enhancement of ethylene production also appears to be Tacking in this
mutant (Bradford and Yang, 1980). Similarly, ethylene has been shown

to be essential for upright growth in strawberry clover (Tritifolium

fragiferum L.), which normally is prostrate (diagravitropic). Treating
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the prostrate stolons of this clover with ethephon or ethylene caused
rapid stem elongation and erect curvature within 2 h, while IAA treat-
ment showed little effect (Hansen and Bendixen, 1974; Bushnell, 1976).

Wright et al. (1978) observed increases in ethylene evolution in
the lower halves of Echinocloa nodes which were preceded by increased
levels of extractable IAA, but they observed no effects from addition
or depletion of ambient ethylene or addition of rhizobitoxine analogue
(an ethylene antagonist) on the normal gravitropic response. They con-
cluded that the rise in ethylene evolution was symptomatic rather than
causal. Similarly, Kaufman et al. (1980) have observed ethylene evolu-
tion in horizontal Avena leaf sheath bases (pulvini).

Osborne (1975) has theorized that ethylene may exert inhibitory ef-
fects on the elongation of the top cells in horizontal grass stems. Aux-
in build-up in the Tower halves of gravistimulated stems (nodes) would
cause ethylene production in these bottom tissues, but the ethylene's ef-
fects would be countered by the high auxin concentration. The ethylene
could then passively diffuse to the auxin-depleted top cells and exert

an inhibitory influence.
The Clinostat

In 1904 Ganong described the clinostat as "the most important piece
of apparatus in the laboratory of plant phyisology," and indeed it has
been a useful tool for plant physiologists for over 100 years. A clino-
stat is a device capable of rotating an object at various angles of in-
clination (Larsen, 1962), and has traditionally been used to rotate

plants or other organisms about a horizontal axis in an attempt to ne-

gate the unidirectional influence of gravity. Obviously, clinostats




18

do not extinguish the earth's gravitational field for the plant; rather,
they compensate or nullify gravity (Dedolph et al., 1966; Brown et al.,
1976 a), creating a multilateral stimulus (VoTlkmann and Sievers, 1979).
Julius von Sachs was the first to build a clinostat and described
its invention as follows: "If, then, it is gravitation, which we suppose
to be situated in the center of gravity of the earth, so to speak, and
the action of which takes place in the direction of the earth's radius,
or, what is the same thing, in the vertical Tine, it must be possible
to nullify this action by compelling growing plants to continually alter
their direction with respect to the vertical, in such a manner that the
gravitation acts on the symmetrically opposite sides of a growing part
of a plant for equal periods in opposite directions. Starting from this
reflection I constructed an apparatus which I called the Klinostat.
This apparatus, which may be constructed in very different ways, has
essentially the one object of slowly rotating, by means of clockwork or
other motive power, a solid rod of wood or metal which must be exactly
horizontal, and this so that a rotation is completed in 15-20 minutes.
On this rod growing plants, e.g., seedlings may be so fixed that they
participate in the rotation of the rod without hindrance to their further
growth. It matters not in what direction the growing organs are fastened
on the rotating axis as long as the rotation is equable, so that every
growing part of the plant turns the same side upwards as well as down-
wards during equal periods of time, so that the influence proceeding
from the center of gravity of the earth must act on the growing portions
of the plant during equal periods in exactly contrary directions. If

this occurs, no action of gravitation whatever can make itself effec-

tive on the direction of growth, since a longer or shorter time is
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necessary for this, and before the part of the plant has had time to
make a curvature downwards or upwards, it finds itself already, in con-
sequence of the rotation, again in a position which would necessitate
its making the exactly contrary curvature, and thus no curvature at all
is accomplished: it goes on growing in exactly the direction arbitrar-
ily given to it when it was fastened to the axis" (Sachs, 1887).

Sachs was not the first to use the clinostat principal for testing
plants, however. Larsen (1962) and Hoshizaki (1973) cite one work by
J. Hunter, dated 1794, in which he used a water driven clinostat. Other
early works with clinostats include attaching plants to clock hands
(Wigand, 1854), while Francis Darwin also used clockwork drives (as did
Sachs; see Hoshizaki, 1973). Pfeffer used a spring-driven device (1881,
see Plate 1), and Goldschmidt (1896) drove a motor with hot air escaping
from a kerosene lamp. Newcombe (1897) was one of the first to use an
electrically driven clinostat motor. Van Harreveld's paper, "The
inadequacy of present clinostats for physiological stimulus investiga-
tions" in 1906 reviewed the problems of clinostat development up until
the development of the synchronous-induction electric motor around the
turn of the century (Hoshizaki, 1973).

E1fving (1884) noted that normally quiescent grass nodes began to
grow when rotated horizontally, much as they would if they were displaced
from the normal vertical position, but growth during clinostating was
even on all sides as opposed to more growth on the bottom sides of sta-
tionary nodes displaced from the vertical. V8chting (1882, cited in
Jost, 1907) noted that gravitropically bent stems straightened when

placed on a clinostat. These results Ted Fitting (1905) and others

(see Pfeffer, 1906 and Jost, 1907) to conclude that only bending was
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Plate 1. Wilhelm Pfeffer's clinostat (klinostat) as shown in
his text, The Physiology of Plants (1906). Leaf epinasty was
a well known response to horizontal clinostating, as can be
seen in the bottom picture of a Coleus plant before and after
clinostating (also taken from Pfeffer, 1906).
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impossible on a clinostat, and that perception of gravity was still
possible; that is, the individual stimuli were cancelling one another
rather than no stimulus being perceived. Because of such results, the
usefulness of clinostats to negate gravitational influence was questioned.

Newcombe summarized many of the capabilities and shortcomings of
the clinostat for scientific research in 1904. Among other things, he
recommended rotational rates between 1 rpm and 2 rph in order to avoid
centrifugal effects or gravitational curvatures. He observed that
rotating plants end over end (about a horizontal axis) was equally as
effective, if not better, than the traditional rotation about the hori-
zontally positioned growth axis. (As also noted by Sachs in the above
quotation.) This was confirmed by Hoshizaki et al. (1966) and Lyon (1967)
many years later. Newcombe (1904) also warned against using clinostats
with their axis of rotation set at oblique angles and against using
clinostats in studies of plant autotropism, as clinostats were ineffec-
tive at negating this process (see Firn and Digby, 1979).

Dedolph et al. (1967) noted that rotation of plants on horizontal
clinostats causes a more uniform distribution of protoplasmic inclusions,
as opposed to a noticeable settling tendency of cellular particles when
plants were not subjected to gravity nullification (clinostating).
Salisbury (1969) developed this idea further by relating clinostat-caused
cellular organelle suspension to the expected responses to satellite
free-fall. One of the more obvious differences would be the "churning"
or "stirring" of the clinostated plants' organelles as they continually
tried to settle. This would not be expected in true weightlessness

(Salisbury, 1969). Dedolph and Dipert (1971) and Silver (1976) inde-

pendently described the movements of intracellular particles subjected
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to clinostating in which the organelles would continually settle through
the period of rotation, tracing quasi-circular or elliptical paths
through cytoplasm. These paths would be functions of the cytoplasmic
viscosity, particle size and density, and therotation rate, with its re-
sulting centrifugal force (the latter also being dependent upon the dis-
tance of the particle from the axis of rotation; Dedolph and Dipert,
1971). This then is the basis for gravity nullification or compensation
by clinostat rotation (Dedolph and Dipert, 1971).

In recent years, the addition of a second, simultaneously rotating
axis has been tested (Hoshizaki et al., 1966; Hoshizaki and Hamrer,

1970; Dedolph and Dipert, 1971; see also Newcombe, 1904), but the results
from either single or double-axis devices were found to be equally re-
liable (Lyon, 1967; Hoshizaki, 1973). However, some phototropic re-
sponses have been observed in clinostat studies performed in the Tight
with single-axis clinostats (Hoshizaki and Hamner, 1970).

The responses of plants to clinostating have been varied and di-
verse. Brain (1935) observed increases in growth rates of Asplenium
bulbiferum and Narcissus pseudo-narcissus leaves on a clinostat, while
Lupinus albus, Helianthus annuus, and Avena sativa showed decreased
radicle growth. Avema coleoptile growth was unaffected, but lTeaf
growth was slowed. Cell-sap pH was unaffected in Lupinus albus, while
clinostated plants' hypocotyls showed cell "suction pressure" or 4.4
atm compared to 5.5 atm in upright plants (Brain, 1942). Hendricks (1940)
observed a cessation of twining in morningglory plants when clinostat
angles were greater than 75°. Larsen (1953, 1957) reported that Artemsia

absinthium roots would curve irregularly on the clinostat when rotation

rates were between 4 and 0.5 rpm.
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Dedolph et al. (1965) found increased growth in Avena in response
to horizontal clinostating, while Audus and Brownbridge (1957) found
no effect upon Pisum sativum Yoot growth. Avena coleoptile growth was
not affected by horizontal axis rotation, according to Dedolph et al.
(1965), but Shen-Miller and Gordon (1967) observed decreased growth for
Avena coleoptiles grown for 24 h in red Tight and then transferred to
the dark for the rest of the experiment. Hoshizaki et al. (1966) ob-
served increased growth in Hordeum vulgare coleoptiles grown on a 2-axis
clinostat for both continuous 1ight and dark conditions. Helianthus
annuus hypocotyls grown on horizontal clinostats showed increased growth
(Brain, 1935, 1942), while Xanthium pensylvanicum (strumarium) rotated
horizontally showed decreased growth (Hoshizaki et al., 1964). Leaf
growth in Xanthium was also reduced.

Flowering response was decreased in horizontally clinostated
Xanthiun plants (Hoshizaki and Hamner, 1962); although GA3 treatment
increased growth compared to that of controls, the expected GA3 enhance-
ment of flowering did not occur in clinostated Xanthium plants
(Hoshizaki et al., 1964).

Increased gravitropic sensitivity was observed in clinostated
Helianthus annuus seedlings (Hartling, 1964), while von Bismarck (1959)
reported delayed gravitropic responses in several Sphagnum species ro-
tated horizontally. Shen-Miller (1970) concluded that gravitropic sen-
sitivity was unaffected by horizontal clinostating. Placing Xanthium
plants along the perimeter of a large, horizontally rotating wheel caused
stem growth to deflect into the direction of rotation (Hoshizaki and

Hamner, 1962).

Hirtling (1964) observed increased phototropic sensitivity in clino-
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Table I. Some of the species used for experiments invalving clinostats.
Some of the earlier investigators are listed for each of the species,
but many of the species were used in succeeding years by others.

Species Investigator and Date
Phycomijees SPP s« v v v w v e el s e g BSachs. e8]

Phageolus vUldarta, v « o « +. & 4 s 4 .Fischer, 1890
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Degmodim quPane. . . '« s s s v s 3w 8 5 4 s 2

Tavaxacun dens-leunis (officinale) . . . . . Darwin, F. and Pertz, 1892
Bew@ten o 7 el one i e e o sl S e Czapek, 1989

Ao SaTIVE. o« «ih e w wl s e w8 X

Phalaris canariensiS. . « « « o« o o o o o o o "

Biophytum Sensitivum. . . . « « « o« o « o o = Pfeffer, 1906

TriFOLium POGEETBE. s va ls i . s a0 60 % & Wpes .

Acacia laphentha, . « « « « « g Rk Dol 2 5

Helionthue amnuus . « « « « s s s o sty ke song L !

Colena DLUmeh . siidie oa dviie mics b o i e s A

Chenopodium o & % ais w % 3 % s s o 2 ® ¥ i

it e 7 5, SR e O GRS 8 0 TE T F

Cassia marylandic@. . . « « « « « o o o o + o 3

Lepidium 8GTIVWN, « '« « & '» o » I P e Zimmerman, 1927

Tuptiiie polyphyllue . o .. o o »'s s o o = 5 Brain, 1926

Curcurbita pepo . . . . . et e ot ML R &

Asplenium bulbiferum. . . . . . L e S R e Brain, 1935

Narcissus pseudo-narciSsusS. . « « o « « o « .
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Tpomea PUPPUTCA . o o o o o o o o & o o o o o Hendricks, 1940

Humlus Tupulus . . . « « « « « « -« . %

Tintaria convolvulus. . . . . . . v 2% wis s 8

Artemisia absinthium, . . . . « « « « « « + -« Larsen, 1953

SPhaguum SPPe « o o 2 » » s v = R von Bismarck, 1959
Xanthium strumarium . . . . . . . R Hoshizaki and Hamner, 1962
Toventa fOUIMLOrL & « & & v « s & « o » » -5 s Lyon, 1963, 1965 a, b
Lycopersicon esculentum . . . . . i 5

Brassica. 0Lleraced . . o o o« « o o 4 & & v % @ i

Honderin Dulaare Joo &d o . sin u m s 5wk Lyon and Yokoyama, 1966
Secale eeredle, o 's o s s s s m wg s s e i

Triticum vulgare (aestivum) ., . . . . Lo skiven. 1968 b

Capeioun UM, . i i ix o w st s wlis @ m ws Jonson and Tibbitts, 1968
Plenio Tonal TOLtaly /o adis s 5w v N ine 3 Conrad and Yokoyama, 1971
Pirgle eanchus o Sl O G e Wilson, 1973
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stated Helianthus anmuus seedlings, and Shen-Miller and Gordon (1967)
observed a similar response in dvena sativa seedlings.

Clinostating has been shown to eliminate Jeaf "sleep" movements in
some species, while it had no effect in others. Pfeffer (1906) reported
decreased leaf movements in Cassia marylandica on a clinostat, but
Desmodium gyrans continues its leaf movements (Fischer, 1890). Phaseolus
multiflorus plants with their petioles perpendicular to the axis of
rétation lost their sleep movements, while plants whose petioles were
parallel to the rotational axis maintained their movements (Stoppel,
1916). Clinostating stopped primary leaf movements in Canavalia
ensiformis (Kleinhoonte, 1931), but the plants resumed the rhythmic
movements, completely in phase, after being taken off the clinostat.
Fischer (1896, cited in Hoshizaki, 1973) described plants whose leaf
movements were dependent upon gravity as being geonyctinastic, and
those independent of gravity as autonyctinastic. Phaseolus vulgaris,
Phaseolus multiflorus, and Lupinus albus were all geonyctitropic, while
Acacia lophantha, Trifolium pratense, and Biophytum sensitivum Were
examples of autonyctotropic plants (Hoshizaki, 1973).

Lyon (1961) concluded that 0.04 m g2 centrifugal acceleration
provided threshold force for the gravitropic response in corn seedlings
gréwn in weak 1ight. Horizontal clinostating induced epinastic curva-
tures in the branches of Coleus blumei within several hours. If the
branches were debudded or defoliated, epinastic curvatures could be re-
stored by supplying the branches with 1% IAA in lanolin. Applying
labeled IAA (14C), showed an excess accumulation of the auxin in the
upper sides of the branches at a ratio of ca. 9:5 (Lyon, 1963). Lyon

also observed similar asymmetries of labeled IAA in the curved stem
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growth resulting from clinostating (i.e., more auxin on the convex side
of curved organs). Tomato and Torenia fourmieri plants grown on clino-
stats for six weeks showed reduced internodal Tengths and shoot weights
(Lyon, 1965 b).

Lyon and Yokoyama (1966) reported that horizontal clinostating dis-
turbed the precise positive gravitropism of primary wheat roots. Epinas-
ty was observed in lateral roots, and the coleoptiles developed curva-
tures in three dimensions.

Rates of 0.3 to 4 rpm for horizontal clinostats produced maximal ep-
inastic curvatures of leaves and branches in Coleus blumei, with curvatures
reduced at rates of 15 min per revolution or slower. Rotation rates of 1
to 3 min were found acceptable for most plants (Lyon, 1970).

Pisum sativum plants grown on clinostats showed a 3-fold decrease in
I1AA-5-3H transported into lateral roots, while the auxin that did move in
these roots accumulated to an excess of 20% in the upper halves. Treat-
ing roots with 6.4 to 9.1 ppm of ethylene instead of clinostating caused
similar effects (Lyon, 1972). He concluded that the clinostat and ethy-

lene were identical in their effects on auxin transport in lateral roots.

Biosatellite II

The Biosatellite II experiments are the only major United States
studies of plant responses to weightlessness to date. One group of exper-
iments involved wheat (Triticum vulgare, GA. Exp. Sta. #1123) seedlings,
with the effects of weightlessness on growth physiology, morphogenesis,

histochemistry, and biochemical changes being the major concerns. Simul-

taneously, wheat seedlings were grown under similar conditions on
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earth, and a third set of seedlings were grown on horizontal clinostats
on earth. Lyon (1968 a, b) observed no effects on growth rates or exter-
nal morphology of wheat roots or coleoptiles grown in space. SimiTarly
he observed no differences in auxin distribution and concluded that hori-
zontal clinostats were reliable devices for studying gravitropism (Lyon,
1968 a).

Gray and Edwards (1968) also were not able to detect any outward dif-
ferences in wheat seedling morphology between space germinated and ter-
restrially germinated plants. No differences in germination rates were
observed between the earth and space experiments (Gray and Edwards, 1968).
The space seedlings had higher shoot height to root Tength ratios than
did earth plants, while the coleoptiles of the flight seedlings were tal-
ler than erect earth controls (Gray and Edwards, 1968). Both the space-
grown and the clinostat seedlings had more starch-containing amyloplasts
(assumed to be statoliths) than erect earth plants, and these statoliths
were distributed randomly in the cells of the space and clinostated plants;
in contrast, the statoliths were grouped in the bottom sides of erect
control plants' cells (Gray and Edwards, 1968). Gray and Edwards con-
cluded that the clinostated seedlings resembled the space-grown seedlings
more closely than the erect earth control plants.

Conrad (1968 observed some differences in glucose-6-phosphate dehydro-
genase activity between space-grown seedlings and both erect and clino-
stated terrestrial plants. He observed no significant differences in
Michaelis constants or maximum velocities of reactions involving glucose-
6-phosphate dehydrogenase,Ag]ycera1dehyde—3-phosphate dehydrogenase, malic

dehydrogenase, transaminase, cytochrome c reductase, or peroxidase in

any of the groups of seedlings; therefore, Conrad concluded that
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weightlessness had not effect upon enzyme affinity for substrates.

S.J. Johnson (1968) reported no significant differences in carbohy-
drates, amino acids, or nitrogen fractions between space-grown wheat
seedlings and erect or clinostated earth plants.

A second set of experiments on Biosatellite II, conducted by S.P.
Johnson and T.W. Tibbitts, were directed at observing the effects of
weightlessness on the angles of the leaves and petioles of pepper plants
(Capsicum annuum cv. Yolo Wonder). Weightlessness produced a downward
curvature in leaves, similar to that produced on the horizontal clino-
stat on earth (i.e., epinasty resulted in each case; Johnson and Tibbitts,
1968). Similarly, mobilization of carbohydrates and amino acids occurred
in the leaves of both clinostated and space-grown plants.

Due to the untimely death of S.P. Johnson, complete analyses of
these data were delayed until Brown et al. (1974) pointed out that sig-
nificant differences did exist between the petiole angles of the space-
grown and clinostated plants.

In the 1970's clinostats have been used in a variety of studies in-
cluding: estimates of gravitropic sensitivity and presentation times
of Avena (Shen-Miller, 1970); the effects upon IAA transport in roots,
(Iversen et al., 1971); estimating thresholds of epinastic response by
altering the angle of inclination (Conrad and Yokoyama, 1971); observa-
tions on the areas of deposition of compression wood in Pinus strobus
trees (Wilson, 1973); and the effects of fast rotation (organ centered
on rotation axis) on amyloplast distribution and response thresholds in
Lepidium roots (Sobick and Sievers, 1979).

A.H. Brown and coworkers have observed growth of Arabidopsis seed-

lings on clinostats as compared to plants grown in the normal 1-g upright
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position or plants grown on centrifuge, with acceleration (forces) up

to 15 times g. The centrifuged plants' characteristics were extrapolated
to zero and compared with those grown on horizontal clinostats (Brown

et al., 1976 a). The results of the two methods were not in agreement.
However, the horizontally clinostated plants were morphologically differ-
ent from stationary upright controls and vertically clinostated plants
(which were similar to the stationary upright plants; Brown et al., 1976
a). These incongruous results were tested further by placing clinostats
on a large centrifuge and observing plant growth under these conditions
(a concept that was attempted several years earlier by J.C. Finn and O.
D.R. Brown, 1961; see also Salisburyand Ross, 1969). If clinostats were
totally effective at compensating for gravity, the centrifugation should
have been ineffective on altering growth. But this did not occur, and
several morphological characteristics varied depending upon the applied
g-force. The authors concluded that clinostat gravity compensation was
incomplete (Brown et al., 1976 b).

The usefulness of horizontal clinostats for nullifying gravity was
further questioned by Tibbitts and Hertzberg (1978), after they observed
leaf movements and bending on plants placed on horizontal clinostats.
They proposed that clinostat-induced epinasty might be a result of such
uncontrollable leaf movements (i.e., mechanical stresses ). This was
a logical suggestion, since mechanical stress effects in plants are

thought to be mediated by ethylene (Jaffe and Biro, 1979).

Mechanical Stress

Possibly the earliest reference to plant response to mechanical

stress is in Darwin's book, The Power of Movement in Plants(1896). He
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reported a sensitivity in Pisum sativum radicles to contact; that is,

by attaching a small square of paper with shellac to the apex of the
radicle, he was able to induce deflected growth away from the direction
of attachment. Darwin also measured a sensitivity of the cotyledons of
Cassia tora to mechanical stimulation. Lightly tapping the cotyledons
with a twig for 3 min caused them to rise from approximately 45°, forming
an angle of about 90° between them. Similarly, hitting the cotyledons
with a light stream of water from a syringe would also induce a rise
(Darwin, 1896).

The response of plants to tactile stimuli, such as the folding of
the leaves of Mimosa pudica or the closing of the trap mechanism in
Dionaea muscipula, have been known for a Tong time, and such responses
are reviewed by Sibaoka (1969).

Differences in growth caused by wind-induced motion have been de-
tected by several researchers. Venning (1949) measured thicker col-
Tenchyma tissue in celery petioles subjected to wind-induced motion.
Similarly, Jacobs (1954) measured narrower radial growth at the base of
Pinus radiata supported from swaying by wires when compared to non-
supported, free-swaying trees after ten years of growth. Whitehead and
Luti (1962) and Whitehead (1962) reported reduced shoot dry weights in
Zea mays and Helianthus annuus subjected to constant wind speeds up to
33 miles per hour.

Other wind tests with Larix laricina trees resulted in reduced
heights for free-swaying trees, which could be partially offset by staying
the trees (Larson, 1965). Pelton (1967) reported increased yields of

24 to 43% in test fields of "Chinook" wheat where snow fence wind breaks

had been erected each spring.
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Walker (1960) observed increased collenchyma cell wall thickening
in Datura stramonium plants placed on a mechanical agitator for 9 h a
day for 40 days. Neel and Harris also tested direct mechanical shaking
with Liquidambar styracifiua (sweet gum trees) and reported that moderate
shaking of the trees for 30 s each day reduced height growth 20 to 30%
(1971). They also noted that most of the shaken trees set terminal buds
within three weeks, while none of the control trees did.

Many of these preceding papers concluded that water stress was the
main reason for the observed reduction in growth of such mechanically
disturbed plants, and Parkhurst and Pearman (1972) suggested this for
the results obtained in the Liquidambar tests, proposing cavitation in
the trunks of the shaken trees as a possible explanation. But Neel
and Harris (1972) responded to this with evidence supporting an inde-
pendent hormonal response mechanism to mechanical stimulation. They
reported that daily shaking of Zea mays plants reduced heights up to
50%, but that the shaken plants would return to normal growth rates
within 3 days after shaking, thereby ruling out cavitation as a possible
cause for the reduction. Growth reductions have also been reported in
Cucurbita melopepo (Turgeon and Webb, 1971) and wheat (Triticum aestivum)
in response to daily handling or shaking (Steucek and Gordon, 1975).

Goeschl et al. (1966) reported that a nonwounding-physical stress
applied to pea epicotyls increased ethylene evolution, resulting in de-
creased elongation and increased diameter. This effect could be dupli-
cated by treatment with ethylene, and they surmised that this might be
a natural hardening response in the epicotyl insuring proper emergence.

Jaffe (1973, 1976 a) noted that young plants of Hordeum vulgare,

Bryonia dioica, Cucumis sativus, Phaseolus vulgaris, Mimosa pudica, and
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Ricinus communis responded to gentle rubbing of the internodes for 10 s
each day with reduced internodal elongation. He coined the term
"thigmomorphogenesis" to describe this response of plants to touching
or contact and proposed that this might be an adaptation to natural
sources of stress, such as wind or animal movements.

Hammer, Mitchell, and Weiler (1974) and Beyl and Mitchell (1977 a,
b) observed significant reductions in the heights of greenhouse chrysan-
themums when plants were subjected to daily shaking (30 s per day), and
proposed that mechanical stress may be a convenient way to reduce the
stem length of chrysanthemums without the use of chemical growth retar-
dants. Mitchell et al. (1975) measured reduced growth in tomato and pea
by mechanical stress from shaking, flexing or rubbing of the plant axis,
and proposed the term "seismomorphogenesis" to describe the effects of
vibrational stress on plant growth. Wheeler (1978) and Wheeler and
Salisbury (1979) showed that shaking induced by a gentle water spray was
capable of reducing heights of greenhouse tomato up to 40%, while yields
were reduced from 7 to 15%. Other earlier reports on mechanical stress
side effects include reduced internodal Tengths, numbers of nodes, and
heights of cotton plants subjected to handling (Frizell et al., 1960).
Salisbury (1963) reported up to 30% reduced size of Xanthiwm leaves as
a result of daily handling and measurement during a photoperiod study.

Various other responses have been correlated to mechanical stress
in plants. Pickard was able to detect asynchronous action potentials
in pea epicotyls following mechanical stimulation (1971). Leopold et al.
(1972) measured increases in ethylene content of white pine, apple and

peach wood stressed by tying branches in arcs, while Saltveit et al.

(1979) made similar measurements with bent poinsettia petioles. Irving
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Table 2. Some of the species used for experiments involving mechanical
stress. FEarlier investigators are listed for each species, but many
of the species were used in succeeding years by others.

Species Investigator and Date
Pinus radiatd. « « « « Ll T R Jacobs, 1954

Apium graveolens (celieny) v s v it v o Vi Walker, 1957, 1960
Datura SErAMONTUM. « « '« o ‘e o o o o o o o o s

Tapia deetdids = ». s & - wios W0 e wqie sl Larson, 1965

PLoum SAELVUM. « o o o o o o s o o o s o o o Goeschl et al., 1966
Bryonia dioiea . .« - + - S Boyer, 1967

Curcurbita melopepo. « « « « + « s & o o o - Turgeon and Webb, 1971
Liquidambar styraciflus (sweetgum) . . . . . Neel and Harris, 1971
Hordeum vulgare. . « « « - W i S e and s e Jaffe, 1973

CUCUMLS SAETVUS. o o« o o o o o = e i

Phaseolus vUlgaris . « « « « « o o o o o o o 5

Mimoea PUATEE. v > & = o & & s 6 F @ ow e 4 .

RLCLAUS CUMIMUNTS « o o o o o o s o o o o o o »

Chrysanthemun morifolium . . « « « « « « « - Hammer et al., 1974
Tildum Tongiflopum o « o »" o wom % ol w8 s Hiriaki and Ota, 1975
Typiticum QeSELVUM. « o« o o o o o o o o o o = Steucek and Gordon, 1975
Lycopersicon esculemtum. . . . . Ll A Mitchell et al., 1975
pinus resinocsa (red pine). . . . . . o . o . Quirk and Freese, 1976
Pinus sylvestris (Scotch pane) i . e a s Fayle, 1976
Pseudotsuga menziesii (Douglas el s el Kellogg and Steucek, 1977
Euphorbia pulcherrima (poinsettia) . . . . . Salveit et al., 1979
Juglans nigra (black WAIRUE) « 0% = o & v = Ashby et al., 1979

Acer saccharinum (silver maple). . . . . . .
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and Osborne (1973) noted that handling peas had effects similar to eth-
ylene treatment with respect to (1-14C) glycerol dincorporation. Jaffe
(1973) and Mitchell et al. (1975) reported mild leaf epinasty in tomato
plants subjected to mechanical stress, implicating ethylene indirectly.

Jaffe (1976 b) reported a decrease in electrical resistance of the
stem tissue of Phaseolus vulgaris immediately after mechanical stimula-
tion. Mitchell et al. (1977) measured increased leaf diffusive resis-
tance and decreased transpiration in mechanically stressed tomato plants;
he noted that these responses were only transitory and concluded that
they were probably not responsible for the typical reduction in dry
weight gain from mechanically stressed plants. Suge (1978) reported that
a daily mechanica1.stress of stroking the top of bean plants for 1 min
reduced gibberellin production. Mitchell (1977) observed that hood re-
moval, ethylene pretreatment, or thigmo-mechanical stress yielded simil-
ar results on the growth of etiolated pea seedlings, and he proposed
that an auxin-ethylene interaction might be involved in mechanical stress
growth reduction. Erner et al. (1980) have shown a translocatable thig-
momorphogenetic factor in grafting experiments with Phaseolus vulgaris,
and that this factor is not ethylene. Boyer et al. (1979) have observed
that pretreatment of Bryonia plants with Tithium (LiC1) prevents inhibi-
tion of elongation normally resulting from rubbing.

Jaffe and Biro (1979) summarized many of the current findings on
the mechanism of thigmomorphogenesis in kidney bean by the following:
an increase in cell membrane permeability (decrease in cell resistance)
occurs immediately after stimulation; this lasts for about 3 min, during

which time, the growth rate accelerates slightly, but then stops once

the prestimulus resistance level is restored, about 30 min after mechan-
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ical perturbation; the amount of ethylene produced by the tissue in-
creases, and growth concommitantly reduces to about one half of the
prestimulus rate; ethylene production returns to normal about 3 h after
stimulation, but the reduced growth continues for about 2 days and
accelerates to the normal rate after 3 days; and cuticular thickening
and radial cell division are increased sometime during the first days

after mechanical stimulation.
Ethylene

The role of ethylene in plant physiology is reviewed quite thoroughly
in F.B. Abeles's book, Ethyleme in Plant Biology (1973), and most of my
remarks on this plant hormone will be taken from his book.

Neljubov was probably the first to identify ethylene as the
physiologically active component in i1luminating gas (1901). Crocker
and Knight (1908) and Harvey (1915) pursued investigations of ethylene
further, while Denny (1924) was the first to discover that ethylene was
involved in fruit ripening. Not until 1934 did Gane unequivocally prove
that ethylene evolved from plants, however.

A great deal of the knowledge of ethylene's effects on plants comes
from the works by A.W. Crocker, F.E. Denny, A.E. Hitchcock, F. Wilcoxon,
and P.W. Zimmerman at the Boyce Thompson Institute during the 1930's
(Abeles, 1973). Crocker et al. (1932) tested numerous plant species and
their responses to ethylene and various other hydrocarbon gases. Of
202 species tested, 89 showed ethylene-induced Teaf epinasty and 113 did
not. Of the gases tested, ethylene was by far the most active physiolo-

gically, while any others showing some activity were lighter carbon

gases with unsaturated bonds. Zimmerman and Wilcoxon (1935) and Crocker
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et al. (1935) proposed that some of the effects observed from auxin
treatment could be caused by ethylene action. But Michener (1938), in

a review, concluded that ethylene did not influence production or trans-
port of auxin, although it might increase sensitivity of the plants to
auxin, and that ethylene does not resemble auxin in its action on stem
elongation. Went and Thimann (1937) agreed with Michener's conclusions,
and ethylene's prominence as a plant hormone faded considerably (see
also Abeles, 1973).

It was not until Morgan and Hall (1964) and Abeles and Rubenstein
(1964) showed again that auxin stimulated ethylene production, that the
auxin-ethylene interaction conflict resurfaced. Burg and Burg (1966 a,
1967 a) then revitalized Zimmerman and Wilcoxon's idea that, aside from
growth promotion, many auxin events might be mediated via ethylene.
However, findings since then have shown that this is not completely
true (Ridge and Osborne, 1969; Ridge, 1975).

Ethylene's roles as a plant hormone are numerous, although it is
generally perceived as an inhibitory and senescent hormone, as well as
being Tinked with many types of physiological and physical stress (Abeles,
1973). Ethylene is also known for its fruit ripening effects (Burg and
Burg, 1965), its ability to cause leaf abscission (Abeles, 1973), as well
as being the controlling hormone in plant organ epinasty (Kang, 1979);
recent1y,'it has also been implicated in mechanical stress responses, as
mentioned previously (Jaffe and Biro, 1979). However, ethylene is unique
among plant hormones in that its molecules are very small in size (mole-
cular weight of 28), it is soluble in both the aqueous and lipid phases

of the cells, and due to its size, it is highly diffusive (Leopold, 1972).

Ethylene appears to be produced in the same cells or tissue that it acts




37

upon, so transport is not really an important aspect of ethylene physiol-
ogy (Leopold, 1972; Abeles, 1973).

If now appears that the primary precursor of ethylene production in
higher plants is methione (Lieberman, 1979), with the present scheme ap-

pearing as follows:

Glucose
Homoserine
Ribose
g Methionine
Methylthioribose
Y S\ L
Adenosine
“_-\\\‘ S-Adenosylmethionine (SAM)

5-Methylthioadenosine
\\ /L""'AVG Block

1-Aminocyclopropane-1-Carboxylic Acid (ACC)

i

o NH),
For the above ethylene biosynthesis scheme, see: Adams and Yang (1977,
1979). Yeong-Biau and Yang (1979), Yu and Yang (1980), and Lieberman (1979).
Formerly, it was thought that no detoxification systems existed for
ethylene (Leopold, 1972), but Beyer (1975, 1977, 1978) has shown that

ethylene does undergo incorporation and oxidation, although the modes of

action and fate of ethylene are still a moot issue (Lieberman, 1979).

Ethylene antagonists

Mack (1927) was one of the first ot observe the inhibitory effects

of CO, gas on ethylene actions, and CO2 had been the primary inhibitory

e
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agent used in ethylene experiments up until the mid 1970's. The CO2
molecule competitively inhibits ethylene's action (Burg and Burg,
1967 b).

More recently, silver ion has been found to be an even stronger
antagonist of ethylene's action (Beyer, 1976 a, b; 1979). Kofranek
and Paul (1972) observed that cut carnation stems dipped in AgNO3 sol-
utions showed a longer vase-life; they thought that this was due to
the bactericidal action of silver, but Beyer showed that the silver
blocks ethylene's action at the receptor site, possibly in a noncom-
petitive fashion (1975 a, b). Since then silver, usually in the form
of a thiosulfate solution (to create a more mobile anion for movement
within plants; Veen and van de Geijn, 1978) has been used in floral
perservation experiments (Veen, 1979), to delay the ripening of fruits
(Salveit et al., 1978), and to induce staminate flowers in gynecious
cucumbers (Tolla and Peterson, 1979). It has recently been pointed
out that the silver itself actually stimulates some ethylene production,
probably due to heavy metal toxicity, but that its effectiveness as an
action inhibitor overpowers this (Walker et al., 1978, 1979; Aharoni
et al., 1979).

The use of ethylene biosynthesis inhibitors is probably the most
effective method for prevention of ethylene events in plants. Owens
et al. (1971) first described the effects of rhizobitoxine on plant
ethylene biosynthesis. Rhizobitoxine is a phytotoxin produced by
Rhizobium japonicum, which has powerful inhibitory properties on ethy-
lene production. It and other enol-ether amino acids such as

aminoethoxyvinyl glycine (see Appendix A) or AVG (from Streptomyces

spp.) and methoxyvinyl glycine or MVG (from Pseudomonas aeruginosa)
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are some of the most potent of these synthesis inhibitors (Lieberman
et al., 1975; Baker et al., 1978; Lieberman,'1979). AVG and MVG have
also been shown to inhibit protein synthesis in some tissues, when
concentrations are greater than 10'3 M (Matoo et al., 1979). Other
tests have shown AVG effective at blocking fruit ripening (Ness and
Romani, 1980) and induction of staminate flowers in gynecious cucumbers
(Owens et al., 1980).
Cobaltous ion (C02+) has also been shown to block ethylene synthesis
in some plant tissues (Lau and Yang, 1976), and since then has been
used to extend the vase-life of cut roses (Venkatarayappa et a., 1980).
Other compounds such as metal chelating agents EDTA, DIECA, and
KCN have been effective at reducing ethylene production, thereby impli-
cating metal cofactors in ethylene synthesis (Lieberman, 1979). Sim-
ilarly, 2,4-dinitrophenol (DNP), a classical respiration uncoupler,
also inhibits ethylene production in some tissues, implicating an
essential role for ATP (Yu et al., 1980). Lowering the 02 concentration
around plant tissue has been commonly used to reduce ethylene produc-
tion (e.g., in fruit storage, Abeles, 1973). Hypobaric conditions
have also been used to prevent ethylene action, presumably by removing
the gas rapidly from tissue (Burg andBurg, 1966b). This might not only
reduce the effects of the already existent gas but also reduce further
ethylene synthesis thanks to ethylene's autocatalytic prbperties
(Leopold, 1972).
A substituted benzothiadiazole has been shown to block ethylene

action (Simmons and Dilley, 1971), while two 0-substituted hydroxylamine

derivatives, N-benzyloxycarbonly-L-(a)-aminooxy-proprionic acid and

(a)-aminooxyacetic acid, have also recently been shown to be powerful
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inhibitors of ethylene synthesis in plant tissue (Amrhein and Wenter,

1979; Amrhein and Schneebeck, 1980).
Epinasty

The term epinasty was first introduced by De Vries (1872) and is
defined as curvature resulting from differential growth in a plant
organ, where the inner or adaxial side grows more rapidly than the
outer or abaxial (Kang, 1979). In leaves, this essentially amounts to
a downward curvature. Epinasty in contrast to most other tropisms or
nastic movements is thought to be an autonomous event; that is, not
induced or oriented by certain external factors (Kang, 1979). Ethylene
appears to be the major regulatory hormone involved in epinasty (Harvey,
1915), but tests with both auxin and ethylene suggest than an interac-
tion of these two hormones may occur; that is, auxin may induce ethy-
lene formation, and ethylene may in turn affect auxin transport, there-
by causing asymmetrical distributions (Kang, 1979). However, some
evidence suggests a direct stimulatory role for ethylene (Palmer, 1972,
1976).

Epinasty can be induced in plants by a variety of treatments, par-
ticularly with ethylene producing compounds such as herbicides, auxins,
or unstable compounds that degrade into ethylene, such as 2-chloroethyl-
phosphonic acid (ethephon; Kang, 1979).

There also appears to be an intimate relationship between gravity
(gravitational orientation) and epinasty in plants (Rawitscher, 1923).
Crocker et al. (1932) noted reduced epinastic responses in tomatoes

treated with ethylene when plants were in an inverted position, while

Denny (1936) observed increased epinasty producing volatiles (i.e.,
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ethylene) in tomatoes turned horizontally. Numerous examples can be
cited for epinasty resulting from horizontal clinostating, including:
Pfeffer (1906), Finn and Brown (1961), Lyon (1963, 1¢65.a, 1967, 1970,
and 1972), Johnson and Tibbitts (1968), Conrad and Yokoyama (1971),
Leather et al. (1972), Palmer (1973), Hoshizaki (1973), Brown et al.
(1974), and Tibbitts and Hertzberg (1978). The series of pepper plant
experiments with Biosatellite II dealt primarily with the epinasty re-
sulting from weightlessness and horizontal clinostating, clearly im-
plying a connection between gravity and epinasty (Johnson and Tibbitts,
1968; Brown et al., 1974). Hayes and Lippincott (1976) and Hayes (1977)
have observed that auxin-induced hyponasty in bean leaves is also sen-
sitive to gravitational orientation, as it can be reduced by inversion
or horizontal rotation.

A variety of methods have been used for measuring leaf epinasty,
including liminal or axillary angles (Crocker et a., 1932), or angles
formed by permanent markers on the Teaves and the vertical (Lyon, 1963;
see also Palmer, 1972). Palmer estimated the radius of curvature formed
by the mid region of the leaf by matching a set of premeasured arcs to
fit the leaf curvature most closely (1972). These radii of curvature
were then plotted as reciprocals, yielding an increasing value with an
increase in epinasty. The plotting of reciprocals damps out the large
changes in radius of curvature occurring when the leaf is nearly straight
and increases in sensitivity as the radii or curvature decrease (PaTmer,
1973 and personal communication). Salisbury and Denney (1971) plotted

the heights of leaf tips of Xanthium as a system for tracking leaf

movements, as have others in the past (see Darwin, 1896).
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METHODS AND MATERIALS
Theoretical Background

Many gaps remain in the explanation of the "clinostat problem";
that is, the basis of the assumed gravity compensation caused by clino-
stating, and the observed effects of clinostating. With Brown et al.'s
(1974) reworking of the epinasty data obtained from the Biosattellite
II (Johnson and Tibbitts, 1968), it was shown that true satellite free-
fall and clinostating are statistically different in their effects.

But the epinasty trends on the clinostated plants and the space plants
were very similar, nonetheless. Likewise, clinostats have been shown

to suspend cellular organelles, that is, prevent statoliths (amyloplasts)
from settling (Dedolph et al., 1967; Dedolph and Dipert, 1971; Volkmann
and Sievers, 1979), a result that has also been seen in satellite free-
fall (Gray and Edwards, 1968). Is the clinostat then capable of par-
tially achieving or simulating O-gravity conditions? Ands “if it 1s only
imcomplete gravity compensation, what accounts for this incompleteness?

Ironically, and simply enough, the basic difference between the
two environments is the pull of gravity. Horizontal clinostats, station-
ary on the earth's surface, can nat possibly eliminate gravity. Every
plant organ, cell, and cellular organelle is subjected to a constant
9.8 m s-2 acceleration toward the center of the earth, whereas in a
satellite orbiting the earth in outer space, this is not true; the
accelerational forces upon such structures are practically zero. The
clinostat negates gravity in theory, by exposing all parts of the plant

to gravity from all sides; nonetheless, gravity still establishes stresses

and consequent strains in all plant parts, if only instantaneously from
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any given direction.

Suspension of cellular organelles on clinostats must be accomplished
by rotating the plants faster than the time period required for settling
or transit through the cytoplasm, and its subsequent response (minimum
presentation time). By rotating the plants on clinostats at sufficiently
fast speeds (which can have complexing side effects of centrifugal ac-
celeration if rotation is too fast), these organelles are caused to churn
about or orbit in small elliptical plaths within the cytoplasm (Dedolph
and Dipert, 1971; Silver, 1976). What effects this churning has on
cellular respiration and metabolism or hormonal or other biochemical
exchanges between cells as opposed to free-fall suspension, are not
completely known. Clearly, solving such a problem would involve a con-
tinuation of space flight experiments such as those of Biosatellite II.

The report by Tibbitts and Hertzberg (1978) presents a more testable
hypothesis, however. During close observation of marigold (Tagetes
petula) plants growing onclinostats, they noted a constant shifting or
flopping of the leaves as the plants progressed through their rotation.
This can be easily envisioned for petioles (which are not completely
rigid) as they approach the zenith of their rotation from one side, pass
over this apex, and progress down the other side (see Plate 4). The
direction of applied force (the stress) changes 180° in this half circle,
causing a deformation (strain) in the petioles: the flopping. Even
if very 1little flopping occurs, however, as might be expected with more
rigid leaves, shifting of stresses within the petiole still occurs.

From such observations, Tibbitts and Hertzberg made the logical pro-

posal that such uncontrolled Teaf movements could be a source of mech-

anical stress (“stress® in a biological sense), which was causing the
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clinostat-induced responses such as epinasty. The role of ethylene in
both clinostating and mechanical stress as discussed previously supports
such a hypothesis.

To test this problem, two possible approaches might be invoked:

(1) subjection of plants to mechanical stress to see if comparable epin-
asty will develop; or (2) elimination of mechanical stresses during
clinostating or gravity compensation to see if epinasty can be reduced.
Various other morphological results might also be compared, inciuding
stem growth, dry weight gain, stem width, or internodal length (all of
which are affected by mechanical stress, Mitchall et al., 1975), but
leaf epinasty is clearly one of the first responses evident from clino-
stating. Written in the form of a hypothesis, one could propose: Leaf
epinasty induced by horizontal clinostating is caused by mechanical
stresses to the plants.

Other information on the problem could come from alternate ways of
suspending statoliths within plants (i.e., gravity compensation) while
minimizing any mechanical agitation: for example, periodic inversion of
plants; that is, turning the plants upside down for set intervals of
time, alternated with equal intervals in the upright position. This
approach could have a convenient control of inverting and immediate
returning to the upright position, while leaf flopping should be greatly
reduced as compared to clinostating. If such a process could cause
epinasty 1ike a clinostat, one could make firmer statements as to the
role of statolith suspension as the possible cause of leaf epinasty.

With the apparent involvement of ethylene in the clinostat response,

and a clinostat's connection with the gravity perception mechanism in
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plants, it also seemed worthwhile to investigate possible roles for the
hormone ethylene in gravitropism. Clues 1inking ethylene and gravity

are abundant in the Titerature, yet current reviews on shoot gravitropism
continue to explain piant response mechanisms in terms of auxin (IAA)
gradients, and more recently gibberellins (Wilkins, 1979; Phillips and
Hartung, 1974). Inhibitors affecting the upper side of horizontally
placed stems are frequently mentioned as a possible mechanism for causing
curvatures, but actual testing seems to be habitually avoided. A con-
sistent observation in gravitroping dicot shoots is a slowing or cessa-
tion of elongation of cells on the top side of the stems, as opposed

to a normal or often accelerated rate of growth on the bottoms (Digby

and Firn, 1979 a). Digby and Firn (1979 a) state that the cessation

of growth on the top is totally responsible for curvatures observed in
cucumber hypocotyls. Could such a cessation of growth be solely caused
by migration of growth promoter out of the upper cells? . Or could an
inhibitor be functioning in the shoot response mechanism, much as it

has been shown for roots?

The second major problem that I have approached, then, is whether
ethylene is involved in gravitropism of plant shoots. Or perhaps a more
testable null hypothesis might be stated: Ethylene is not essential for
shoot gravitropic response. Refuting such a statement could prove en-
lightening in view of the weakened sta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>