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A suggestion concerning the mechanism of geo-
tropic response was offered independently by Chol-
odny in 1924 (12) and by Went in 1926 (27). It
was known by this time that a growth promoting
hormone (an auxin) is produced in tips of coleoptiles
and seedlings and moves in a continual stream toward
their bases. Cholodny and Went postulated that
auxin moves also from the upper to the lower side
when a shoot is placed horizontally. As a result,
the growth rates of the upper and lower halves would
decrease and increase, respectively, and the shoot
would curve upward. In 1927 Cholodny (13) gen-
eralized his hypothesis to cover the phototropic re-
sponse, and in 1928 Went (28), again independently,
arrived at the same explanation. The concept of
hormonal coordination of plant tropisms has come
to be called the Cholodny-Went Theory. in honor of
both men. The development of the theory has been
reviewed by Went and Thimann (29).

Several workers performed experiments which
demonstrate that geotropic curvature of a shoot is
the result of a decrease in growth of the upper half
accompanied by an increase in growth of the lower
half. Among these, the careful measurements of
Navez and Robinson (20) on the Avena coleoptile
seem particularly reliable.

Direct studies of auxin distribution following
phototropic induction were first performed by Went
in 1928 (28). He placed agar blocks basipetal to
each half of a coleoptile tip which had been longi-
tudinally split at the base. He illuminated the col-
eoptile unilaterally, perpendicular to the split, and,
after a suitable length of time, measured the relative
amounts of auxin in the two blocks by means of the
Avena test. He found that the illuminated side re-
leased much less auxin than did the shaded side.

Shortly afterward, Dolk (15) performed similar
experiments on both Avena sativa and Zea mays col-
eoptiles which had been induced by gravity. More
auxin was obtained from halves which had been lower-
most than from those which had been uppermost,
while the total auxin yield of each organ was un-

1 Received revised manuscript January 30, 1961.

2 This work was supported by National Science Foun-
dation Grants nos. G-2832 and G-8688 to W.R.B. and by
a National Science Foundation predoctoral grant to B.G.

3 Present address: Biological Laboratories, Harvard
University, Cambridge 38, Mass.

affected by stimulation. A number of workers re-
peated Dolk’s experiment with other plant organs.
and found similar distributions of auxin between the
top and bottom halves (4.14.19,20,25). Other
workers obtained similar distributions when auxin
was obtained by extraction (5. 26).

Biinning et al (9), Gordon and Eib (18). Reisener
(21). Reisener and Simon (22), and Ching and Fang
(10). applying carbon 14-labeled indoleacetic acid to
oat coleoptiles and to other plant parts, have recently
been unable to demonstrate lateral movement of the
labeled hormone during or following either geotropic
or phototropic stimulation. Numerous other work-
ers have expressed lack of confidence that lateral
auxin transport occurs (1,2,3,5,11,23). and some
have proposed other mechanisms to explain the dif-
ferential growth of the two sides (2.7.9). In view
of the recent experiments of Briggs et al (8) suggest-
ing that lateral transport of auxin may indeed medi-
ate the phototropic response of coleoptiles of Zea mays
to certain dosages of unilateral light. it seemed worth
while to repeat these experiments. using gravity in-
stead of light as the stimulus.

MATERIALS & METHODS

The methods for growing corn (Zea mays 1.
Burpee Snowcross) were almost identical with those
described by Briggs et al (8). Auxin was collected
from excised 7-mm corn coleoptile tips by setting
1.5 % agar blocks against the cut surfaces of the tins
for 2.5 hours. Three similar tips were placed either
vertically or horizontally against an agar block in
order to determine whether or not the orientation of
the tips with respect to gravity had any effect on the
total amount of auxin diffusing from them. Next, six
tips were partially bisected. leaving the apical 2 mm
intact. The bases of each tip were separated by a
glass cover slip. and agar blocks were set against the
bases in such a way that auxin diffusing from bases
on opposite sides of the glass could be collected sepa-
rately. The assembly was placel so that the plane
of bisection was horizontal. Halves from three com-
pletely bisected tips were laid horizontally with the
convex side up. so that each would be comparable
with the top half of a complete horizontal tip. Halves
from three more bisected tips were laid horizontally
with the convex side down. so that they would he
comparable with the bottom halves of complete hori-
zontal tips. In every experiment three intact tips
were placed vertically on an agar block. and the
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amount of auxin obtained was thus used as a meas-
ure against which the percent recovery of auxin
from the various experimental situations could be
determined.

Following the auxin diffusion procedures, all agar
blocks were assayed by means of the standard Avena
curvature test (29). Control blocks containing 25
and 250 vy/liter indoleacetic acid were assayed with
each test to determine whether or not the experimental
values were within the proportionality range of the
bioassay. The block containing 250 -y/liter was cal-
culated to produce the maximum possible curvature
obtainable in the time allotted for curvature develop-
ment (110 min). Experience in this laboratory has
indicated that as long as this curvature is in excess
of 40 degrees, curvatures between about 5 and 30
degrees, obtained from other blocks assayed simul-
taneously, were directly proportional to auxin con-
centration.

Although manipulations were made rapidly in a
room in which the humidity was 92 9%, and the as-
semblies were placed immediately in petri dishes in
which a saturated atmosphere was maintained, it was
found desirable to keep the surface area of agar
exposed to air the same in all cases. This was
achieved by backing the upright blocks with glass.
Water was added to the agar blocks to prevent dry-
ing. It tended to run off the vertical blocks, how-
ever, and to seep by capillary attraction between
the coleoptile tips and the glass on which the tips
rested. This problem was not serious for partially
split tips, since they tended not to lie flat against
the glass which separated their bases. In the case
of the totally split coleoptiles, the drops of water
placed on the blocks were small, and the tips were
supported by a glass slide which did not touch the
agar. The air gap between the agar and glass pre-
vented water from being drawn out under the tips
and carrying auxin away from the agar. If these
precautions were not followed, recovery of auxin was
reduced and the ratio of auxin between upper and
lower halves was thus untrustworthy.

It might appear from this description that, since
different amounts of water were applied to the re-
ceptor blocks of the various assemblies, the auxin
vields from different assemblies should not be com-
pared. However, the total amount of water added
was regulated so that the same moisture content was
maintained in each block, as far as could be de-
termined visually. Furthermore, members of each
pair of assemblies received identical treatment. so
that the critical comparisons between upper and lower
halves of partially split tips and between upper and
lower halves of totally split tips are valid.

REsuLTs

The results are presented in tables I, II, and TII.
Each value represents the average degrees curvature
of 12 Avena coleoptiles to which the blocks from a
single auxin diffusion from three intact tips (or 6
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TABLE 1

DrFrusiBLE AUXIN OBTAINED FroM VERTICAL &
HorizoNtaL CoreopTiLE Tips*

Exer. VERTICAL TIPS  HORIZONTAL TIPS

1 18.2 17.9
18.3 18.9

218 25.0

2 243 28.5

3 253 27.9
29.8 28.2

319 326

35.1 358

4 39.7 36.1
Average: 27.2 279

* Degrees Avena curvature

half tips) were applied. The different numbered ex-
periments were done on different days and the aver-
age of the standard errors for the values shown in
these tables was #2.0°; the standard error never ex-
ceeded =+3.3°,

Table I shows that equal amounts of auxin are
obtained by diffusion from vertical and horizontal
coleoptile tips. Although the range in the amount
of auxin obtained from each set of three tips was
considerable, and there were on some occasions sta-
tistically significant differences between amounts ob-
tained from vertical and horizontal tips in a single
experiment, these differences can be ascribed either
to variability in the experimental material or to
variability in technique from day to day. On differ-
ent occasions either horizontal or vertical tips might
vield the greater amount of diffusible auxin, and if
the results of the several experiments are averaged,
little difference between the vields is apparent. Thus
Dolk’s observations (15) are confirmed.

The distribution of diffusible auxin obtained from
the upper and lower halves of partially split hori-
zontal coleoptile tips is shown in table IT. There

TaBLE IT

DisTRIBUTION OF DIFFUSIBLE AUXIN OBTAINED FroMm
Hor1zoNTAL PartiarLy Serrt CoLeopTILE Tips*

Expr. IxTACT TIPS TUPPER HALVES

ILOWER HALVES

5 292 20.6 33.2

6 28.0 174 39.8

- 21.3 29.6

2 243 185 27.7
285 c.. .

4 39.7 16.8 36.9
36.1 19.3 338

7 28.5 11.0 37.3
Average: 30.6 17.7 34.0

Per cent recovery from split tips: 85
Per cent of recovered auxin in upper halves: 34
* Degrees Avena curvature
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is clearly far more auxin obtained from the lower
than from the upper halves. Furthermore, in every
case, the difference was clearly significant. It should
be noted that only 85 % as much auxin was obtained,
on the average, from horizontal split tips as from
vertical intact ones. It might well he argued that
the 159% loss was entirely from the upper sides.
Even if this had been the case, however, inspection
of the table reveals that the difference between yields
from upper and lower halves is still significant.
Indeed, it seems far more likely that the loss is an
artifact reducing the apparent amount of auxin ob-
tained from the lower halves, since many of the values
shown for the lower halves are somewhat heyond
the proportionality range of the bioassay.

Finally, the distribution of diffusible auxin ob-
tained from totally split horizontal coleoptiles is shown
in table ITII. The averages shown indicate that
approximately equal auxin quantities are obtained

TasLE III

DisTriBUTION OF DIFFUSIBLE AUXIN OBTAINED FroM
HorizonTAL ToraLLy Serit CoLeopTiLE Tips*

Expr. INTAct TIPS UPPER HALVES LOWER HALVES

2 243 15.6 22.6

4 39.7 29.0 3390
36.1 188 268

. 28.5 23.8

8 28.5 18.8 22.3
238 228

Average: 322 224 254

Per cent recovery from split tips: 74
Per cent of recovered auxin in upper halves: 47
* Degrees Avena curvature

from upper and lower halves. Although the differ-
ences between the halves are sometimes significant,
they can again be ascribed to technical causes since
they do not consistently appear, and may be in either
direction. In no case are they of the magnitude of
those found between upper and lower halves of par-
tially split tips.

The lateral gradient of diffusible auxin in geo-
tropically stimulated coleoptiles (table II) and the
equality of total diffusible auxin production in stimu-
lated and nonstimulated coleoptiles (table IIT) sug-
gest that auxin is not being produced or destroyed as
a consequence of a geotropic stimulation, but rather
that auxin or an auxin precursor is moving from the
upper to the lower sides. This suggestion is support-
ed by the demonstration that complete separation of
lower and upper sides virtually eliminated the appear-
ance of an auxin gradient across the coleoptile.
These results are closely in accord with those of
Briggs et al (8) for phototropically stimulated
coleoptiles.

PLANT PHYSIOLOGY

DiscussioN

The evidence above might be used to support the
alternative hypothesis that an inhibitor moves from
the lower to the upper side of a stimulated coleoptile.
Unless a special undiscovered polar transport system
is postulated for such an inhibitor, it must be assumed
that this agent operates by releasing auxin into the
auxin transport system in the lower side and by re-
moving an equal amount of auxin from the transport
system on the upper side. Such a hypothesis seems
unlikely, since it demands the existence in the corn
coleoptile of an inhibitor with curious properties un-
like any which have been reported in the literature,
and since it is no easier to understand why an in-
hibitor should be laterally translocated than why
auxin should be laterally translocated. Similar rea-
soning argues against the participation of an auxin
synergist.

The further possibility of lateral translocation of
a substance participating in auxin synthesis in some
capacity other than that of an immediate precursor is
made unlikely by Dolk’s observation: when auxin,
collected in agar from corn coleoptile tips, is per-
mitted to diffuse from the agar into horizontal de-
capitated oat coleoptile sections, more auxin may be
obtained from agar receptor blocks which have been
applied to the lower basal cut surface of the oat col-
eoptile sections than from blocks applied to the upper
basal surface (15).

If the results of these experiments are valid, the
failure of several workers to obtain evidence for
lateral transport of exogenous radioactive indoleacetic
acid must be explained. In some cases (10,21.22),
organs with the tips intact were submerged in a solu-
tion of radioactive auxin. Following geotropic stim-
ulation, the distribution of the auxin removed from
solution by the organ was studied by measuring the
radioactivity of the tissue. It was never proven in
these experiments that all or even a substantial frac-
tion of the labeled auxin entered the transport system.
Yet it was shown in Dolk’s experiments and in all
experiments modeled after these that, in coleoptiles,
it is auxin moving in the transport system which
is correlated with tropic behavior. If the auxin in
the transport system is partially endogenous and par-
tially exogenous, and if a relatively large amount of
exogenous auxin is present in the tissues without par-
ticipating in transport, any lateral redistribution of
moving auxin would be extremely difficult to detect
by measuring tissue radioactivity, considering that
the absolute quantities are exceedingly small.

On the other hand, some workers (9) decapitated
coleoptiles and supplied labeled auxin at the cut sur-
face. Following phototropic stimulation auxin was
again assayed by measuring tissue radioactivity. It
has been demonstrated that labeled auxin supplied
in this manner enters the transport system (17).
However, it has also been demonstrated that, in corn,
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phototropic lateral redistribution probably occurs en-
tirely within less than 0.4 mm of the coleoptile tip
and possibly within less than 0.2 mm (W. R. Briggs,
unpublished). An oat coleoptile is capable of per-
ceiving and reacting to gravity along its entire length.
However, the greater part of the lateral transport
occurs in the top 3 mm ; more basal regions can effect
only a slight redistribution (15). In view of all
these considerations, studies of redistribution of label-
ed auxin in decapitated coleoptiles are of doubtful
value, unless they measure only auxin in the transport
system. The best way to do this is to measure labeled
indoleacetic acid diffusing from coleoptile tips into
agar blocks. Indeed, experiments by Gillespie and
Thimann (16) clearly show that radioactive in-
doleacetic acid applied in agar blocks to the apical
ends of Avena coleoptile sections is laterally redis-
tributed by gravity in horizontal sections, but that
such redistribution is restricted to that portion of the
applied auxin which has actually entered the transport
system (in their experiments, less than 20 % of the
total entering the tissue). It can be demonstrated
clearly only by using auxin diffusion techniques.

Brauner and Appel (6) have recently published
experiments which are particularly pertinent to the
present discussion. They found that if the apices of
detached Avena coleoptiles were split to a depth of
2 mm, and a small piece of mica inserted into the
split, subsequent geotropic response was far lower if
the coleoptiles were induced with the split horizontal
than with the split vertical, suggesting blockage of
some transport pathway by the mica in the horizontal
case. Although they did indeed obtain some curva-
ture with the mica horizontal, this is not surprising,
since Dolk (15) has shown that a certain amount of
geotropic induction is possible below the apex itself.

These authors also demonstrated that if half the
apex of detached coleoptiles is excised by a vertical
and a horizontal cut, and agar blocks appresse:l
against the remaining vertical cut surfaces, significant
amounts of auxin could be collected in such blocks
(as measured by the Avena curvature test) if the
coleoptiles were geotropically stimulated with the
blocks on the lower side, but not if they remained
vertical. Their experiments thus suggest that gravity
induces the transverse migration of auxin itself, rather
than a precursor, since the activity of the transversely
migrating substance is detected immediately as auxin
in the Avena curvature test. A lag in such a test
would have suggested the presence of a precursor.

The fact that geotropic response is mediated by
lateral transport in the corn coleoptile does not mean
that lateral transport is the only mechanism by which
plants respond to gravity. For example, the amount
of auxin which can be obtained from grass nodes (24)
and from the meristematic growth rings of sugar
cane nodes (26) increases when these plants are
placed horizontally. There is no evidence, however,
that auxin production or release is unilateral ; lateral
transport may concentrate the newly appeared auxin
in the lower half.
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SUMMARY

The distribution of auxin during geotropic stimula-
tion of corn coleoptiles has been determined by means
of the Avena test. It has been verified that equal
amounts of auxin diffuse out from vertical and from
horizontal coleoptile tips, and that the lower halves
of partially split coleoptile tips release a larger amount
of auxin than do the upper halves. When coleoptile
tips are completely bisected prior to stimulation, how-
ever, the same quantity of auxin is obtained from each
half. The simplest interpretation of these results is
that auxin, or possibly an auxin precursor, is trans-
located from the upper to the lower side of a stimu-
lated coleoptile.
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INVOLLVEMENT OF ADENYLATE KINASE IN PHOSPHORYLATION OF RIBOSE-S-
PHOSPHATE BY ADENOSINEDIPHOSPHATE IN MITOCHONDRIA-
FREE PREPARATIONS FROM ROUGH LEMON LEAVES:®
D. vax NOORT & A. WALLACE
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In some of our previous studies it was noted that
ADP? was effective as the ATP source in crude
homogenates for the carboxylation enzyme system
(4) when RSP was used as substrate. The overall
reaction is as follows:

Mg+ +

2 PGA 4+ ADP

R5P + ATP + HCO,~
This reaction is itself a 3-enzyme sequence (6,8).
Studies were undertaken to elucidate the nature of the
ADP replacement of ATP. Specifically, phosphory-
lation of ADP by P,, by labile phosphates such as
creatinophosphate and acetylphosphate, and by an
adenylate kinase were investigated as possible means
of formation of ATP from ADP in the preparations.

1 Received revised manuscript February 18, 1961.

2 Abbreviations used in this paper: AMP for adeno-
sinemonophosphate ; ADP for adenosinediphosphate ; ATP
for adenosinetriphosphate; PGA for 3-phosphoglycerate;
RSP for ribose-5-phosphate; G6P for glucose-6-phos-
phate; tris for tris(hydroxymethyl)aminomethane; P,
for inorganic phosphate; EDTA for ethylenediamine-
tetraacetic acid.

MATERIALS & METHODS

The K salts of R5P and G6P were prepared from
the Ba salts by precipitating the Ba with an equiva-
lent amount of K,SO,, and centrifuging at 1,000 X ¢
at 0° C to remove the precipitate. Stock solutions
of 0.03 M were prepared in water which had been
demineralized in a Barnstead Bantam demineralizer.
The K salt of acetylphosphate was prepared similarly
from the di-Ag salt using an equivalent amount of
KCl to precipitate the Ag.

In all the experiments rough lemon leaves (Citrus
jambhiri Lush.), washed in distilled water, dried on
paper towels and with the midrib removed, were used
in the ratio of 2 g fresh weight of leaves per 5 ml
tris-sucrose buffer (0.2 tris plus 0.5M sucrose,
pH 80) for the homogenates. After grinding the
leaves with a Virtis homogenizer at 75 9, maximum
speed for 1 minute, the homogenate was strained
through a double layer of cheesecloth, centrifuged at
1,000 X g for 10 minutes at 0° C to remove unbroken
cells, cell debris, and large particles. A mitochon-
dria-free supernatant was obtained by centrifuging the
crude supernatant at 30,000 X g at 0°C for 20
minutes.



