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Gravitropism in Higher Plant Shoots'

VI. Changing Sensitivity to Auxin in Gravistimulated Soybean Hypocotyls
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ABSTRACT

Although the Cholodny-Went model of auxin redistribution has
been used to explain the transduction phase of gravitropism for
over 60 years, problems are apparent, especially with dicot
stems. An alternative to an auxin gradient is a physiological
gradient in which lower tissues of a horizontal stem become more
sensitive than upper tissues to auxin already present. Changes
in tissue sensitivity to auxin were tested by immersing marked
Glycine max Merrill (soybean) hypocotyl sections in buffered
auxin solutions (0, 10~® to 10~ molar indoleacetic acid) and
observing bending and growth of upper and lower surfaces. The
two surfaces of horizontal hypocotyl sections responded differ-
ently to the same applied auxin stimulus; hypocotyls bent up
(lower half grew more) in buffer alone or in low auxin levels, but
bent down (upper half grew more) in high auxin. Dose-response
curves were evaluated with Michaelis-Menten kinetics, with
auxin-receptor binding analogous to enzyme-substrate binding.
Vmex for the lower half was usually greater than that for the upper
half, which could indicate more binding sites in the lower half. K,
of the upper half was always greater than that of the lower half
(unmeasurably low), which could indicate that upper-half binding
sites had a much lower affinity for auxin than lower-half sites.
Dose-response curves were also obtained for sections ‘scrubbed’
(cuticle abraded) on top or bottom before immersion in auxin,
and ‘gravitropic memory’ experiments of L. Brauner and A. Hagar
(1958 Planta 51: 115-147) were duplicated. [1-'*C]indoleacetic
acid penetration was equal into the two halves, and endogenous
plus exogenously supplied (not radiolabeled) free auxin in the
two halves (by gas chromatography-selected ion monitoring-
mass spectrometry) was also equal. Thus, differential growth
occurred without free auxin redistribution, contrary to Cholodny-
Went but in agreement with a sensitivity model.

Gravitropism has been explained for more than 60 years
by the C-W? theory, which suggests that auxin is preferentially
transported into lower tissues where the higher concentrations
cause increased growth, and thus, upward bending. Discrep-
ancies between the C-W theory and experimental results,
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especially with dicot stems, have been noted. Enough evidence
has now accumulated to suggest that auxin concentration
might not be the only factor controlling asymmetric growth
in gravitropism (see reviews in refs. 16 and 19). An alternative
model involves changing tissue sensitivities to auxin. As we
note in our previous paper (19), until recently few investiga-
tors except for Brauner (e.g., refs. 2 and 3) and Trewavas (26)
have mentioned a sensitivity model for gravitropism.

Went and Thimann (27, pp. 75 to 86) observed that, in
overall growth of Avena coleoptiles and various stems, auxin
is supplied from the apex or the cotyledons and flows down-
ward with more auxin in apical tissues and decreasing levels
with distance from the apex. But, contrary to the assumption
that auxin concentration controls growth, maximum elonga-
tion occurred at some distance from the apex in tissues where
auxin was reduced. They invoked a ‘food factor’ transported
from the base, which acted in concert with auxin, with apical
growth limited by the food factor and basal growth limited by
auxin. This hypothetical food factor was never found. We
note, however, that Went and Thimann (27) also mentioned
changes in sensitivity to auxin in regard to aging of coleoptile
tissue, and Erickson and Silk (9, 21, 22) have studied the
developmental displacement of cells and their aging down-
ward through the hypocotyls. As cells mature and become
displaced from the apex, structural and metabolic changes
take place. Might one of these changes be the synthesis and/
or activation of enzymes, including the auxin receptor? These
maturing receptors would then bind auxin, perhaps reducing
the amount of free auxin in that region of the shoot, with
elongation in those cells commencing.MacDonald and Hart
(13) have suggested a modified and elegant C-W model that
includes differentially auxin-sensitive tissue across the dicot
stem with the epidermis being most auxin responsive and the
subepidermal tissue less responsive. They still envision auxin
transport during gravitropism but only between these two
tissues rather than across the whole stem: auxin in the upper
half would move down into the nonresponsive subepidermis,
but auxin in the lower half would move down into the
responsive epidermis.

Clearly, growth of vertical as well as gravistimulated tissue
is a complex chain or even web of events that involves auxin
and other growth regulators and tissue responses to them. But
in order to study this intricate phenomenon, we often measure
only the end result: stem or root elongation or bending. There
is much room for error, but we have little other choice. To
simplify in this paper, we assume that growth is directly related
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to tissue auxin concentration combined with tissue sensitivity
to the auxin. From this simplification, we then define sensi-
tivity as the capacity of an organism to respond to a given
stimulus. It can be measured by varying the stimulus and
observing the response (16, 19). The greater the stimulus
required for a given response, the less sensitive that organism
is to the stimulus. In our study, the stimulus causing growth
of soybean hypocotyls was exogenously supplied auxin. The
concentration was varied over a wide range (0 and 107% to
1072 M IAA), and stem bending and lengths of the upper and
lower sides were measured. Dose-response curves for the two
halves were then compared.

As discussed in our earlier paper (19), dose-response curves
can be analyzed using Michaelis-Menten kinetics (Fig. 1) for
enzyme reactions. Two important values, which define two
types of sensitivity changes, are derived from the kinetic
curves. First, V. is the theoretical rate limit approached as
the substrate concentration is increased to the point where all
the enzyme present is bound to the substrate. Its value de-
pends on the maintenance of a finite number of enzyme
binding sites in the reaction mixture. The analogous value in
an auxin dose-response curve is the maximum growth rate
induced by auxin. According to the kinetics analogy, Viax
could only change if the number of enzyme (or in this case
auxin) binding sites changed. Thus, one type of sensitivity,
Vmax sensitivity, is likely to be a function of the number of
auxin binding sites; it could involve the synthesis, destruction,
activation or inactivation of those sites. It could also involve
changes in penetration and other factors (19). Second, the
Michaelis constant (K.,) is the substrate (auxin) concentration
that yields a reaction (growth) rate one-half of V... It indi-
cates affinity of the enzyme (binding site) for its substrate.
The lower the K., the higher the apparent affinity. Thus, the
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Figure 1. The Michaelis-Menten curves, where initial velocity of an
enzymatic reaction is plotted as a function of the log of the substrate
concentration. In the analogy with stem elongation, growth is substi-
tuted for velocity, and auxin concentration is substituted for substrate
concentration. If Vma, is indicative of the growth when a specific
number of auxin binding sites are active, and K., is representative of
the affinity of those binding sites for auxin, then this shows how the
growth curves might change when the number or affinity of the auxin
binding sites changes (see text for details).
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K., sensitivity in an auxin dose-response curve could involve
changes in the affinity of the binding sites for auxin. In support
of this we note the report (23) that increasing auxin concen-
tration enhanced both the synthesis (i.e., number) and affinity
of auxin binding sites.

Hypothetical dose-response curves can be predicted based
on the C-W and sensitivity models. For the C-W theory, we
started with a typical bell-shaped dose-response curve for the
Avena coleoptile (Fig. 2A, redrawn from ref. 10). Two as-
sumptions were then made. First, in accordance with the C-
W theory, more endogenous auxin should accumulate ini-
tially in the lower halves, say 2 X 1078 M IAA, with 108 M
IAA in the upper half (consistent with the literature). Second,
we assume that 10% of the exogenous IAA penetrates equally
into all tissues, without internal transport (consistent with

RELATIVE GROWTH OR BENDING

_8 7 6 s " 3

IAA CONCENTRATION (M): EXT

Figure 2. Hypothetical growth curves suggested by the C-W theory.
A, Typical bell-shaped dose-response curve of the Avena coleoptile
(redrawn from ref. 10). Note that the inhibition of growth at high auxin
levels has no counterpart in the curves of Figure 1, but we can think
of maximum growth at the optimum auxin concentration as repre-
sentative of Vmax. B, Predicted growth curves for the upper and lower
halves of immersed, horizontal stems. To obtain predicted from Avena
curves, internal auxin concentrations for each external concentration
are determined from Table |. Internal concentrations are then located
on the abscissa of the curve in part A, and growth at each concen-
tration is then transferred (horizontally, in the figure) to the appro-
priate external concentration in part B. As is clear from Table I, the
endogenous auxin makes an insignificant contribution to total auxin
when the external concentration equals about 1075 M IAA or higher.
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actual ["“C]IAA uptake studies reported later in this paper).
Table I then shows the total endogenous plus applied auxin
concentrations that would be predicted in the two halves.
Using these predicted values, and the procedures outlined in
the caption of Figure 2, a set of hypothetical growth curves
for the upper and lower halves can be derived, with a third
curve representing the curvature that should result (Fig. 2B).
One important point: as the exogenous auxin increases it
should soon overwhelm the endogenous auxin, so this inter-
pretation of the C-W never allows the upper half to grow
more than the lower half, negative or downward bending is
not predicted. If, however, changes in sensitivity to auxin do
occur, with the lower side becoming more sensitive relative
to the upper side, then exposure of the two halves to equal
concentrations of auxin (as by immersion) should elicit dif-
ferential growth, producing displaced dose-response curves
for the two halves, as predicted in Figure 3. Either V., or K,
or both might be displaced. Unlike the C-W model, the
hypothetical curves for the sensitivity hypothesis do predict
downward bending.

Three approaches with dose-response curves were used to
study sensitivity changes during gravitropic bending. First, we
obtained basic dose-response (as described above) by immers-
ing hypocotyls in a wide range of auxin concentrations and
then comparing them via kinetic analysis (as in refs. 16 and
19). Second, hypocotyls were scrubbed to promote differential
IAA uptake from the solution. If auxin concentration is most
important (as suggested by the C-W model), then abrading
the cuticle on one side (upper or lower) to increase auxin
uptake on that side should produce an auxin gradient in the
tissue with a consequent predicted bending, up or down. If a
change in sensitivity has taken place, however, then the top,
when abraded, might still be less responsive at a given auxin
concentration than the abraded bottom with a consequent
effect on bending. The results from three such experiments
were combined and are presented here. Third, the phenome-
non of gravitropic memory, noted early in this century (see
refs. 16 and 19 for review), was pursued by Brauner and

Table . Predicted Amounts of Auxin Entering from the Solution, and
in the Upper and Lower Halves of a Hypothetical Gravistimulated
Stem

Assumptions necessary for this simple hypothetical determination
are as follows: first, in accordance with the C-W theory, more endog-
enous auxin accumulates initially in the lower halves; second, 10%
of the exogenous IAA penetrates equally into all the tissue and is not
transported.

. Amount Enters Total IAA
lution IAA
Solution IAA Lower Upper
M

0 0 2x 107 1x10°®
1x1078 1x10° 21x10°® 1.1%x10°8

1x 107 1%x107® 3x10°® 2x10°®
1x10°® 1x1077 1.2x 1077 1.1 x 1077
1x10°° 1x10°® 1.02 x 107 1.01 x 107
1x10™* 1x107% 1.002 x 107 1.001 x 1075
1x107 1x10™* 1.0002 x 10~*  1.001 x 10™*
1x1072 1x107 1.00002 x 10~° 1.00001 x 1072
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Figure 3. Predicted growth curves for the upper and lower halves of
a horizontal stem, with associated stem bending, suggested by the
sensitivity model. Because the bottom surface is predicted to be
more sensitive, the curve of Figure 2A has been displaced SO Vinex is
larger and K, smaller for the bottom surface; the curve for the top
surface has been displaced to a relatively smaller Vmax and a larger
Km. The dashed part of the curves indicates concentrations even
lower than those normally found in stem tissues. The bending curve
is the algebraic difference between the curves for top and bottom
surfaces. Note negative bending when upper surface grows more
than lower surface.

Hagar (2) who performed experiments on sunflower by de-
capitating and ‘depleting’ the hypocotyls of auxin, gravisti-
mulating them (no bending occurred), then returning them
to the vertical and applying 10~ M IAA to their cut surfaces.
Bending occurred as predicted: what had been the lower side
was now the convex side. Thus, auxin did not appear to be
the signal in gravitropism but was required for growth. In
light of these and other results, they suggested three alterna-
tives to the C-W theory, one of which was that sensitivities to
auxin might change. Brauner and Bock (3) later reported that
decapitation caused more loss in sensitivity to auxin than
actual depletion of auxin itself; hypocotyls were mostly desen-
sitized, the term we will use. In any case, this technique
appeared to be an excellent way to study the possible involve-
ment of changes in sensitivity to auxin in gravitropism, but
rather than adding back only the one auxin level, we tested
several concentrations to obtain dose-response curves. If auxin
enters the desensitized, gravistimulated (though unbending),
and now vertical hypocotyls equally on both sides and is
not transported, then any bending observed is most likely
caused by differential sensitivity of the tissue achieved during
gravistimulation.

A key difference between the C-W and sensitivity theories
is the requirement or lack thereof for an auxin gradient; it
was clear that auxin should be measured in upper and lower
halves. Two questions were addressed: First, although the
hypocotyls were immersed, was the auxin distributed homo-
geneously in the hypocotyls; that is, did it penetrate evenly,
and once inside, was it pumped to the lower side? This was
tested by addition of radiolabeled IAA to the solutions. Sec-
ond, although exogenous auxin affects the gravitropic re-
sponse, endogenous auxin is obviously also important, espe-
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cially when exogenous levels are low. Therefore, what is the
total auxin (endogenous plus nonradiolabeled, exogenously
applied) in the two halves? This was determined by GC-MS.

MATERIALS AND METHODS
Plant Material

Seeds of Glycine max (L.) Merrill (soybean: A-3127; Asgrow
Seed Co.?, Ames, IA) were soaked in deionized water for 3 h,
sown in moist vermiculite, and grown 4 d in a growth room
under fluorescent and incandescent lights with an average
photosynthetic photon flux at the level of the seedlings of
120.8 + 1.64 umol m~2 s™' and a photoperiod of 16 h day/8
h night. The temperature was 30.5°C + 2°C day/27°C + 2°C
night, with a relative humidity between 30 and 40%. The
young seedling is initially asymmetric with the cotyledons
folded to one side, which is identified by a pubescence and
designated as the cotyledonary side (CS). The opposite side
was designated the anti-cotyledonary side (ACS). Seedlings
used for the scrubbing, gravitropic memory, and radioactive
uptake experiments were grown 5 d in a dark room at 32°C
with a relative humidity between 35 and 45%. Bending re-
sponse was similar whether seedlings were grown in light or
dark.

Basic Experimental Apparatus and Procedures

Hypocotyls were decapitated with a diagonal cut, immedi-
ately cut to 35 mm, and marked by applying a ring of white
oil paint (titanium oxide) near the apex and a second ring 20
mm below the first by rotating each stem against two brushes
(16, 19). Segments were secured with a drop of 2% Bacto agar
into holes drilled in one of two types of Plexiglas holders,
each of which held up to 10 hypocotyls either vertically or
horizontally. Because orientation was found to be important,
hypocotyls were oriented so cotyledons of horizontal hypo-
cotyls would have hung downward if they had been attached,
and those of vertical hypocotyls would have pointed in toward
the holder. Hypocotyls tested horizontally were kept vertical
during the 30 min required for cutting and marking. Hypo-
cotyls were immersed in one of two large Plexiglas tanks
(illustrated in refs. 16 and 19), one for vertical controls, the
other for horizontal test plants. Each tank was divided into
eight vertical tanklets, with each tanklet accommodating one
Plexiglas holder. Hypocotyls were tested in control buffer and
in auxin at seven concentrations (1075 to 1072 M IAA). A 1-
mM (pH 6.5), K-phosphate was made by mixing 100 mm
K,HPO, and 100 mm KH,PO,, then diluting to 1 mM. IAA
(Sigma Chemical Co.) was dissolved in 100 mL of deionized
water plus four to five pellets of KOH and mixed with 1 mm
K-phosphate to a final volume of 2 L and final auxin concen-
tration of 1072 M IAA. Tenfold dilutions with buffer were
made to obtain the seven IAA levels. Solutions were adjusted
to pH 6.5 with 1 M HCI or KOH, added to the tanks, and

3 Mention of trade names is to provide detailed information only
and does not imply endorsement to the exclusion of other products
that might also be suitable.
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placed in the dark room for 1 h at 32°C before the experiment
to allow for temperature equilibration.

Data were recorded at 0.5-h intervals during the first 2 h
and at hourly intervals for 5 to 7 h thereafter using two view
cameras. Negatives (4 X 5 inches, same format as tanks) were
projected through an f 1.2, 50-mm, Pentax camera lens via
two first-surface mirrors from below (enlargement to 4.5 times
life size) onto a 304.8-mm square Scriptel glass digitizing
tablet (Scriptel Corp., Columbus, OH). Bending was initially
measured as grid coordinates that were then translated into
angles by a BASIC program. Lengths of upper and lower
surfaces between edges of the marks (indicating the growth
mechanism by which bending was achieved), and of 10-mm-
long Plexiglas rectangles (cemented near each hole and used
for calibration), were measured directly with the Sigma-Scan
3.0 Measurement System software package (Jandel Scientific).
Data were processed through a SuperCalc4 spread sheet
(Computer Associates International Inc.) to provide actual
lengths, percent length increases, and average angles, and
plotted using Sigma-Plot (Jandel Scientific). Bending of hori-
zontal hypocotyls in degrees away from the horizontal zero
line, and of vertical controls in degrees away from the vertical
zero line, were measured so each could be plotted on the same
graph for quick comparison.

Scrubbing Experiments

Early in the research (July 1984), before the methods just
described had been developed, effects of ‘scrubbing’ (abrading)
the cuticles were tested. Scrubbing was not used in other
experiments reported here. Hypocotyls (cotyledons left intact)
were cut to 40 mm, rubbed gently four times between thumb
and forefinger with a slurry of carborundum and deionized
water (8), rinsed, and secured in Plexiglas holders (16). These
were placed in small glass tanks with hypocotyls either hori-
zontal or vertical. At intervals the holders were removed from
the solutions, laid flat on an overhead projector, the hypocotyl
images projected onto a screen, and angles measured with a
protractor.

Gravitropic Memory Experiments

In order to initiate the auxin desensitization process, seed-
lings were decapitated but left in the vermiculite for 2 h. They
were then uprooted, cut to 40 mm, marked with carbon black
in immersion oil, and secured in holders. The holders were
placed in glass tanks filled with deionized water so hypocotyls
(five per treatment) were vertical, and the desensitization
process was continued for another 3 h. The now auxin-
desensitized hypocotyls were turned to the horizontal in water
and gravistimulated for 3 h, after which little or no bending
occurred. The hypocotyls were finally turned to the vertical
and immersed in buffered auxin solutions, with photographs
taken every half-hour with a Pentax ME Super 35-mm camera
and Plus-X Pan ISO 125 film. Negatives were mounted in
standard slide mounts, and angles and lengths were analyzed
with the digitizer/computer system.
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Measurement of Radioactive IAA Uptake

Special Plexiglas holders (each for 10 horizontal plants or
5 vertical controls) and glass tanks bonded with silicone
sealant were constructed for these experiments (16). K-phos-
phate, 1 mM (pH 6.5) was prepared as a control, and unlabeled
IAA was added to produce final concentrations of 107! M,
1072 M, 10~ M, 10~® M, and 1077 M. Fifty uL of [1-'*C]IAA
(61 Ci/mol, 50 mCi/L solution in toluene/acetone, Amer-
sham Corporation) were added per 300 mL as a tracer to each
tank but the control. (Experiments were performed in Novem-
ber 1985.)

For labeling analysis of the basic dose-response experi-
ments, cotyledons were not removed, and hypocotyls, cut to
35 mm, were marked (carbon black in immersion oil), secured
in the vertical and horizontal holders, and allowed to incubate
3 h in the labeled auxin solutions. For labeling analysis during
the gravitropic memory studies, decapitated seedlings were
desensitized as described above, gravistimulated in water for
3 h (after which little or no bending occurred) and then
returned to the vertical, transferred to labeled auxin solutions,
and incubated for 1.5 h (long enough for bending but prior
to autotropic straightening). Data were recorded as for the
gravitropic memory studies except that images were projected
onto a screen (enlargement 5.5 times life size), with angles
and lengths (calibrated with a ruler in each photograph)
measured with a protractor and flexible ruler.

Hypocotyls were removed from the holders and rinsed,
with cotyledons being removed from intact hypocotyls, and
all hypocotyls were split into upper and lower halves. Half-
hypocotyls were rinsed three times in cold, nonlabeled buffer,
blotted between Kimwipes, weighed, and ground with mortar
and pestle in an appropriate volume of 100% ethyl alcohol to
yield a final concentration of 70%, accounting for tissue water.
Extracts were poured into beakers wrapped in foil, incubated
at 4°C overnight, filtered through tared Whatman No. 1
Qualitative (11 um pore size) filter paper, and the auxin-
containing filtrate taken to dryness in a hood under a constant
stream of air. The residue was resuspended in 2 mL of 50%
ethyl alcohol and sampled (1 mL in 10 mL Aquasol-2 Uni-
versal LSC Cocktail, Dupont: NEF:952) for counting. The
resulting cpm were corrected for background and divided by
the g fresh weight. Since a maximum of about 10~7 M radio-
labeled IAA was added to each solution, the results are ex-
pressed as an adjusted cpm/g fresh weight calculated by
multiplying the actual cpm/g fresh weight by a factor to
correct for dilution.

Double-Standard Isotope Dilution Assay (DSIDA) for
Auxin Using GC/SIM/MS

Cotyledons were removed, and 35-mm hypocotyl segments
were marked with two rings of white oil paint 15-mm apart,
secured vertically or horizontally in the large Plexiglas holders
that were then lowered into the large tanks containing one of
three buffered auxin solutions, pH 6.5: 0, 1077 M, or 107 M
IAA, the latter being repeated once. A total of 80 hypocotyls
per treatment were used. Photographs were taken every 0.5 h
with bending and lengths analyzed with the digitizer/com-

puter system. After 2 h the holders were removed and each
set of 10 segments was rinsed in deionized water. Each seg-
ment was removed, rinsed, and manually bisected (upper and
lower for horizontal; ACS and CS for verticals), with tissue
outside the marks removed so only the tissue between the
marks (in the zone of bending) was saved for auxin analysis.
The half-hypocotyls were placed in preweighed plastic bags,
weighed, frozen, and subsequently transported on Dry Ice to
the laboratory of Robert Bandurski at Michigan State Uni-
versity, East Lansing, MI, for auxin determination.

The frozen half-hypocotyls were ground in 70% acetone
with a cold mortar and pestle, after which two auxin isotopes
were added: a radioisotope [*H]JIAA (10 uL per sample of an
18,000-cpm uL' stock solution; Amersham) as a tracer; and
the stable isotope ['*C-6]IAA (custom preparation by and gift
from J. D. Cohen, USDA Plant Hormone Laboratory, Belts-
ville, MD) used for the quantitative assay of auxin, with 530
ng added to each of the 0 and 1077 M IAA treated hypocotyl
extracts and either 4825 ng (first run) or 5300 ng (second run)
added to the extracts of hypocotyls treated with 1073 M auxin.
Each ground extract was incubated overnight at 34°C then
gravity-filtered through a funnel-held, preweighed, No. 1
Whatman filter into a round-bottom vacuum flask, rinsed
with 70% acetone, and taken to near-dryness in a flash
evaporator. The ethanol residues, with two ethanol rinses of
the flask, were applied to a DEAE-Sephadex column using 16
to 20 mL of 50% ethanol, and the auxin was removed with
about 20 mL of a linear gradient of increasing acetic acid
from 0 to 2.5% in 50% ethanol using a custom-made double-
beaker gradient maker. Fractions were sampled (20 uL in 5
mL scintillation fluid Safety Solve, Research Products Inter-
national Corp. Mount Prospect, IL) and counted, and auxin-
containing fractions were combined, dried completely on the
flash evaporator (to remove all traces of acetic acid from the
column), redissolved in 200 uL of 50% ethanol, and stored
frozen overnight. Further purification was by reverse-phase
HPLC using a Varian 5000 Liquid Chromatograph (Houston
Instruments). The precolumn was a Whatman Pellicular
ODS, 4.6 by 250 mm, followed by a Whatman Partisil 10
ODS, 4.6 by 250-mm main column, with a flow rate of 1 mL
min~'. Isocratic elution for the first run was with 30% ethanol
and for the second run was with 30% ethanol plus 0.07%
acetic acid. A UV-5 Selectable Wavelength detector with a
280-nm filter was used, which gives sub-nanogram sensitivity
for strong UV-absorbers, including IAA. After the first HPLC
run, fractions were sampled (10 uL in 5 mL scintillation fluid)
and counted; those containing auxin were combined, dried,
redissolved in 200 L 50% ethanol, and methylated for 5 min
with 300 uL dried diazomethane (see ref. 5 for details).
Methylated samples were dried under a gentle flow of N, gas,
redissolved in 200 uL 50% ethanol, and reapplied to the
HPLC. Fractions were sampled for counting and those with
auxin combined and dried. Purified auxin extracts were re-
dissolved in 1:1 methanol:acetonitrile (200 uL for the 1073 M
auxin treated samples; 40 uL for the 0 and 10~7 M samples),
and analyzed with a Hewlett-Pachard 5970 mass selective
detector (MS) coupled to a Hewlett-Packard 5890 GC using
SIM, analyzing the ions at 130, 136, 189, and 195 amu with
the following specifications: GC column was a 12.5-m by
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Figure 4. Average stem bending as a function of time for light-grown, decapitated, soybean hypocotyls immersed in buffered auxin solutions.
Bars = 1 SE. Results from two separate experiments are given: A and C show stem bending for vertical controls, and B and D show stem
bending for the corresponding horizontal hypocotyls. Note that there is at least a 30-min lag period in horizontal hypocotyls prior to bending, and
that increasing the auxin concentration inhibits upward bending. Hypocotyls consistently bent down in 107 m IAA.

0.25-mm Chrompack Sil-19CB column with a film thickness
of 0.19 um; the carrier gas was helium with a flow rate of
about 1 mL min~!; electron impact ionization at 70 eV; the
detector and ion source were at 280°C. After an initial 1 min,
the oven temperature was 100°C, after which the oven was
ramped at 30°C min~' to a final temperature of 230°C and
held for 1 min until the end of the run.

The DSIDA depends on the ability to distinguish between
the masses of the endogenous compound (in this case ['*C]
IAA methyl ester: 189 amu—native IAA) and the chemically
related internal standard added in a known amount ([*Ce])-
[benzene ring]-IAA methyl ester: 195 amu—heavy IAA). The
mass spectrometer ionizes the auxin molecules (native and
heavy) into their respective indole and acetic acid compo-
nents. The native indole ring has a molecular mass of 130
amu, whereas the heavy indole ring has a molecular mass of
136 amu. The masses of native and heavy fractions were
measured, and the ratio (mass of heavy/mass of heavy + mass
of native) was used as the C; value below. The amount of
total free auxin in the tissue extracts was calculated with the
standard isotope dilution equation (6, 15): Y = ([C/C] —
1)(X/R), where Y = amount of auxin in pmol/half stem (this
is converted to pmol g fresh weight ~' and plotted on a log
scale); C; = initial specific activity of the internal standard (in

this case 100%); C,= the final specific activity of the internal
standard (as given above); one (1) is subtracted so that, if
there is no dilution, C;/C;= 0; X = the amount (ng) of internal
standard added; R = a correction factor (found to be 1.13 as
per J. Cohen, personal communication to R. Bandurski).

RESULTS AND DISCUSSION
The Basic Dose Response Curve

Figure 4 shows bending versus time in two experiments for
vertical and horizontal hypocotyls decapitated and immedi-
ately immersed in seven auxin solutions plus buffer. More
than 20 experiments were performed with essentially the same
results. Vertical controls remained fairly straight in buffer or
low auxin concentrations, with some outward bending in
higher auxin levels after 3 h, but not for the highest level (102
M). Horizontal hypocotyls immersed in buffer and in low
auxin solutions consistently showed a 30-min lag period (no
bending), followed by rapid upward bending, lasting about
2.5 h. By 4 h the rate of upward bending decreased. Higher
auxin levels inhibited bending, and downward bending con-
sistently occurred in 1073 M IAA, with little or no bending in
1072 M IAA.
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Figure 5. Stem bending and increase in length of light-grown, decap-
itated soybean hypocotyls after 3 h as a function of the exogenous
auxin concentration. Bars = 1 SE. This is the same experiment
shown in Figure 4, A and B. Note that auxin concentration did not
differentially affect the ACS or CS of vertical controls (A), but auxin
did affect the upper and lower halves of the horizontal hypocotyls
differently (B). The dashed line indicates a possible shape of the
curve for the upper surface if there were no endogenous auxin and
allows an estimate of K, for the upper surface; K for the lower
surface is to the left of the scale. Vmax is larger for the lower surface
as usual. (We have seen Vnax larger or about as large for the upper
surface, as in Fig. 8A, illustrating the variability that is common to
these experiments.)

Figure 5 shows lengths of the two surfaces and bending
after 3 h. Bending in vertical controls was not significant, with
no significant differences in growth between the ACS and CS.
Upward bending of horizontal hypocotyls immersed in buffer
or low IAA levels was caused by increased growth in the lower
half relative to both the vertical controls and the upper half;
downward bending in higher auxin levels was caused by
growth inhibition in the bottom and growth stimulation in
the top. Horizontal hypocotyls generally grew more in re-
sponse to auxin than vertical controls, indicating that the
gravity stimulus increased sensitivity to auxin of the hypocotyl
as a whole.

Figure 5 also shows that V.« for the lower half of horizontal
hypocotyls was greater than V.. for the upper half although
this generalization does not always hold with soybeans (for
example, see Fig. 8 below). Since an increase in V. may be
explained by an increase in the number of effective auxin
binding sites, this number most likely increases in the lower
half with respect to the upper half. A K,, value was also
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Figure 6. Effect of scrubbing on stem bending of dark-grown, hori-
zontal soybean hypocotyls (with cotyledons) as a function of exoge-
nous auxin concentration after 3 h. Each point represents the average
stem bending of 15 hypocotyls (5 plants each from three separate
experiments). Bars = 1 SE. Note specifically that the response at
10~ m IAA should be completely controlied by the high exogenous
auxin levels, which should swamp out any endogenous levels, and
that bottom-scrubbed hypocotyls bent up more than top-scrubbed
hypocotyls bent down. The two tissues are responding differently to
the same exogenous auxin stimulus.
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Figure 7. Gravitropic memory studies: stem bending and increase in
lengths as a function of exogenous auxin concentration for vertical
hypocotyls after 1.5 h in auxin solutions. Hypocotyls were previously
decapitated and desensitized for a total of 5 h and gravistimulated in
water for 3 h. Bars = 1 SE. In comparing these data with those for
nondesensitized horizontal stems (Fig. 5B), note that a completely
opposite pattern emerges with no bending and little growth of either
side in buffer, and increased bending (but negative growth of the
upper surface) with added auxin.

estimated for the upper half: about 3 X 107® M IAA, with the
lower-half K, off scale on the low side and thus not calculable
with these curves. If K., indicates binding site affinity, then
auxin binding sites in the lower half (with a much lower K,
and a much higher K., sensitivity) have a greater affinity for
auxin than those in the upper half.

The Effect of Scrubbing on the Gravitropic Response

After 3 h, hypocotyls in all scrubbing treatments showed
the typical inhibition of bending with increased auxin (Fig.
6). If auxin concentration is the only factor influencing the
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Figure 8. Radioactive IAA uptake: basic experiment. A, Stem bend-
ing and increase in lengths as a function of exogenous auxin concen-
tration for dark-grown, horizontal soybean hypocotyls (with cotyle-
dons) after 3 h in radiolabeled IAA solutions. Bars = 1 SE. Compare
with Figure 5B. B, Radioactive IAA uptake into the upper and lower
halves of the hypocotyls shown in A, presented as the adjusted log
cpm/g fresh weight as a function of the log of the exogenous IAA
concentration. Note that there was virtually no difference in the
radiolabeled uptake even when the two halves were growing at
different rates.

response, and if high levels of applied IAA swamp out endog-
enous concentration differences, then in the highest level of
auxin tested (10~ M IAA) the downward bending observed
when the top is scrubbed should equal the upward bending
observed when the bottom is scrubbed. Bending of un-
scrubbed hypocotyls in 10™* M IAA was conveniently zero,
making the comparison at this concentration more obvious.
Downward bending of hypocotyls scrubbed on top (about
—10°) was less than the upward bending of hypocotyls
scrubbed on the bottom (about +25°), suggesting reduced
responsiveness in the upper half.

Gravitropic Memory Studies

Bending and length after a 1.5-h immersion in auxin solu-
tions of previously desensitized and gravistimulated soybean
hypocotyls (Fig. 7) show that low levels of auxin produced
little or no bending and no length differences of the two
halves. This agrees with the overall decrease in sensitivity to
auxin caused by decapitation, as suggested by Brauner and
Bock (3). Increased auxin levels produced increased bending

Piant Physiol. Vol. 91, 1989

in the appropriate (what had been the upward) direction,
however, with a slight increase in growth of the lower surface,
and a marked decrease in growth of the top. Further increases
in auxin reduced bending mainly by causing increased growth
of the upper side. Bending and growth were inhibited at the
highest auxin level. We were suspicious of the negative growth
of the upper side at some auxin concentrations, but repeated
calibrations and measurements of the photographic negatives
validated the results, and shrinkage of upper surfaces has been
reported by several other workers (e.g. refs. 7 and 14).

Radioactive Uptake Experiments

Bending and growth of horizontal segments responding in
labeled IAA solutions during the basic experiment (Fig. 8A)
followed the expected pattern. Uptake of labeled IAA into the
two halves after 3 h (Fig. 8B) was the same. Stem bending
and lengths after 1.5 h for a labeled gravitropic memory
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Figure 9. Radioactive IAA uptake: gravitropic memory experiment.
A, Stem bending and increase in lengths as a function of the exoge-
nous auxin concentration for dark-grown, vertical hypocotyls after
1.5 hin radiolabeled IAA solutions. Hypocotyls were decapitated and
auxin desensitized for a total of 5 h and gravistimulated for 3 h in
water before being tumed to the vertical and put in the auxin
solutions. Bars = 1 SE. Compare with Figure 8. B, Radioactive IAA
uptake into what had been the upper and lower halves of the
hypocotyls shown in A presented as the adjusted log cpm/gfw as a
function of the log of the exogenous IAA concentration. Note that
there was virtually no difference in the radioactive uptake even when
the two halves were growing at different rates.
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Figure 10. Total auxin as measured by GC/SIM/MS. A and B, Stem bending and length increase after 2 h as a function of exogenous auxin
concentration for vertical and horizontal light-grown, decapitated soybean hypocotyls. Bars = 1 SE. C and D, Total free auxin (measured by GC/
SIM/MS, presented as the log pmol/g fresh weight) in the two halves of hypocotyls shown in A and B. Note that at low auxin levels, when
internal concentration may be equal to or greater than external levels, there is at least as much, if not slightly more, auxin in the upper, slower

growing half as in the lower half.

experiment (Fig. 9A) followed the same general pattern as
previously described for desensitized stems, including shrink-
age of some surfaces. Radiolabeled IAA uptake after 1.5 h
into what had been the upper and lower halves (Fig. 9B) was
essentially the same. Since growth and bending were entirely
dependent on the exogenously supplied auxin, and since
concentrations of that auxin were equivalent throughout all
the tissue, it is difficult to escape the conclusion that tissue
sensitivity to auxin must differ in the two halves of the
hypocotyl.

Total Auxin Content of Upper and Lower Halves of
Soybean Hypocotyls Using GC-SIM-MS

Bending and growth, for vertical and horizontal hypocotyls
(decapitated though not desensitized) exposed to three levels
of auxin (Fig. 10, A and B), followed the general patterns
discussed previously. In vertical controls there was more total
free IAA in the CS (corresponding to the lower half of hori-
zontal hypocotyls) than in the ACS at all three IAA concen-
trations (Fig. 10C). But in horizontal hypocotyls (Fig. 10D)
total free IAA was at least as high in the upper (or slower
growing) half exposed to low auxin concentrations, with no
difference in free auxin content between the two halves when

immersed in the highest auxin concentration (undoubtedly
due to a swamping of the endogenous auxin by high exoge-
nous auxin levels).

CONCLUSIONS

We used dose-response curves in three ways to compare
the role of an auxin concentration gradient with that of a
physiological gradient in sensitivity to auxin: simple dose-
response curves for vertical, upper, and lower surfaces of
hypocotyl segments; effects of scrubbing top or bottom sur-
faces on response to added auxin; and the gravitropic memory
experiments.

As with sunflower hypocotyls (19), the two halves of hori-
zontal soybean hypocotyls reacted differently to the same
exogenous auxin stimulus over a range of concentrations. The
upper half was consistently less responsive to added auxin
than the lower half (both V.« and K, sensitivity), not only
for intact (data not shown here) and decapitated hypocotyls
but also for scrubbed and for previously desensitized hypo-
cotyls. Downward bending, not easily predicted by C-W,
occurred in horizontal hypocotyls immersed in high auxin
concentrations. The two sides also reacted differently to auxin
in the gravitropic memory experiments. Of the three kinds of
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experiments, results of the scrubbing tests are least impressive.
These and the memory experiments were done before devel-
opment of our most recent methods; they should be repeated
(now impossible for us).

The dose-response experiments taken alone cannot be con-
clusive evidence that changes in auxin binding are occurring
because auxin could be redistributed within the tissues in
ways that might explain the results (e.g. ref. 13). (Sensitivity,
response as a function of stimulus, would be different for the
two surfaces, but differences might involve auxin penetration
or internal distribution rather than auxin binding sites.) Ra-
dioactive IAA uptake studies examined these possibilities.
Although there is a possibility that initial uptake into the
tissues may have been unequal owing to differential penetrat-
ability (24), bending of both normal and desensitized hypo-
cotyls after 3 h was not accompanied by a redistribution of
applied auxin. Redistribution between epidermis and subepi-
dermal tissues (13), which we did not measure, might explain
our results, but this seems unlikely because auxin concentra-
tions in all the epidermal cells would surely be very high in
the high auxin solutions.

Endogenous auxin, not measured in the “C-IAA studies,
could also influence the results although this seems quite
unlikely at the high exogenous auxin levels. In any case, total
free auxin after 2 h, as measured by GC/SIM/MS, was at
least as great in the upper half of horizontal hypocotyls as in
the lower half, contrary to C-W. These measurements also
need to be repeated with more auxin concentrations and at
more time points; perhaps one of us will sometime be able to
do so. Meanwhile, one wonders if the slightly higher levels of
free auxin in upper halves of control and low-auxin segments
after 2 h (Fig. 10D) are real and an indication that a larger
number of more active auxin binding sites in the lower tissues
have sequestered more of the free auxin there.

How might sensitivity to auxin, say V. and K, of auxin
binding sites, change in response to gravistimulation? Al-
though this is unknown at present, we note that it is probably
as easy to imagine testable mechanisms for sensitivity change
as it is to propose mechanisms that account for auxin trans-
port or synthesis/destruction. For example, amyloplasts in
the root cap or the starch sheath of stems are massive enough
to sediment quickly (18), and they bind Ca?* (4, 12) and carry
a negative charge (17). Settling could thus result in a change
in electrical fields, and such changes have been reported (1,
11, 20, 25, 27, 28). Changing electrical fields could influence
auxin receptors, perhaps those located in membranes. (For a
more in-depth discussion, see ref. 16.) In any case it now
seems appropriate to wonder about mechanisms of sensitivity
change as well as those of auxin transport or synthesis/
destruction.
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