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Sim,,iary'. Avcuia seedlings were germinate(d anid gro-wn while continuiously rotated
oli the horizontal axis of a cliniostat. The coleoptiles of these grav1ity-compensated
plants were phototropically more responsive than those of planlts rotate(d on1 a vertical
axis. \V;hen the plants were compensated after unilateral irra(liatioln, phototropic
curvature of the shoot progressedl for the next 6 houirs, w-ith the rate of cturviing
decreasing abotut 3 houirs after irradiation. The decrease in rate was less in the

plants gravity-compensated before irradiation than in those vertically rotated. In
the period /70 to 76 houirs after planting, the growth rate of the compenisated coleoptiles
was significanitly less than that of the vertically rotate(d see(dlngs. The greater
phototropic curvature, the decrease(d growth rate, ancl the slow-er rate of straighteninig
of the curved, compensatedI shoot can he correlate(d with several colnsequtenlces of
compensation: an iincrease in sensitivity to auixin, a lowering of aulxini content ill
the coleoptile tip, and( possibly, from an interaction between compensatioln anid photo-
tropic stimuilation, an enhanced difference in auixin tranisport between the illuiminated
anid sha(led halves of the unilaterally irradiated shoot.

The phototropic response of the vertically rotated seedling was significantly
different from that of the xertical stationary, indicating the importance of verticall-
rotated conitrols in cllinostat experiments.

Tropic curvature of ani orthogeotropic organi is
nortially the expression of 2 stimuili. As sooIn as
cuirvatulre commences in a vertical shoot respondiing
to phototropic stimuilatioin, the shoot is challengedl
by gravitational force. In Azieno, this couinter-
stimulation coultd l)e expected wvhen the tip axis
(leparts as little as 10 from the vertical (19).
Analogously, a geotropicallv curving organ is also
concomitantly exposedI to a continulously chaniging
geostimuluis.

Nullification of the subsequient geostimnluis
shouild facilitate characterization of the primary
responise. The clinostat enables suich nullllfication
hy compensating the directionlal componenit of the
gravitational force vector (12, 18, 24, 25). This
paper describes the phototropism of Az'ena see(dliligs
when the georesponlse wvas removed by clinostat
rotatioin. \VNe will show that gravitational compen-
satioIn resilts in aIn enhaIncemeint of phototropic
sensitivity, anId( correlate this einhancemenit withl
auIxin responlse, coIntent anld trainsport.

Materials and Methods
Ploauting. A47ea sativw seedls ( Victorx 1,

1 Aork performedi utnder the ausp)ices of the United
Sta'tes Atomic Energy Commissioni and the National
Aeronautics andc Space Administration.
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Svalof) were rilnie ith tap water at 4()) allowed
to soak for 2 and(I on'-'half houtrs and theln rinsed
againi with warm w ater. (For the auxin st -idies,
after hydration the see(ds were kept in the (lark at
4 to 6' for 20 houirs liefore planiting (P. Ray, per-
sonal communication'); this coldI treatment resuilted
in more ulniform germination and grow th. About
50 ml of hot 1.5 % agar in tap w-ater were pouired
inito the base sectionl of a 150 ml FErleinmever flask,
the top sectioi of the flask having beeni cul axxa
intact at about 3.5 cm from the base. Fumur hb
drated seeds, embryos pointe(d inward, wvere plante(d
90' apart, near the center of the agar -Surface to
minimize the effect of centr.ifugal force. Each
see(l vas angle(d 450 to the agar sulrface s z that
the emerging shoots grew away from an Ia1 riXht
angles to the agar suirface, and the rootS grew into
the agar. A (Irop cf warm agar w-as placed around
each seed to help mainitaini its positioni and(I orienta-
tioni dutiring the experimental perio(l. The flask-top
wvas stoppered with a loDse cottoin plug, an(l sealed
to the base with maskiing tape. removal of the top
of the flask facilitated phototropic stim ilanion and
subsequent shadowgraphing of the seedlilngs.

Grav1 itv Comiipensatitoni. Each flask assembly
wx'as clampe(d onlto a mtiltiple uinit, single-axis clilo-
stat (fig 1), and(I rotated at 2 rpm (22, 24) by) a
svnchronouis-motor drive. Larsen (22, 24) has
shown that lower rates of cliniostat rotatono 1n(liuce
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continuous geotropic movement of plant organs.
Rotational axes were horizontal for gravitx com-
pensation and vertical as a control for motion per
se. Change in the position of the rotational axis
was obtained by shifting the entire clinostat, tusing
a spirit level for final adjuistment. At 2 rpm, the
maximum centrifuigal force imposed on the seed-
ling was about 5 X 10-5 X g, a level about 2 orders
of magnitude less than the range of force required
for material geotropism of the Aventa shoot (19,
and unpublished data). Clinostat rotation begani
as soon as the flasks were set in place and, except
as inidicated, continuied throuighouit the experimental
period.

Growlth Contditioits and Ph ototropic Sti,nttla tioil.
Germiniatinig seed were exposed to red light (Geni-
eral Electric Ruby Red tuingsten filament lamps,
7.5 w, iiuci(leit irradiaiuce about 0.4 mW.cm-2) for
the first 24 houirs after planting to inhibit
mesocotyl elongation. The plants were then grown
in the dark at 250, a green safe-light (32) being
used for illuimination when required. Seventy
houirs after planting, 1 seedling from each flask
was selected for experiment: the remaining plants
were discarded. The average initial length of the
shoots was approximately 20 mm: shoots deviating
from the mean length by more than 3 mm were
discarded. For phototropic stimulation, the seed-
lings were irradiate(d unilaterally with blue light,
utsing incident energies of 3 to 13 kergs.cm-2 to
obtain curvatures in the first-positive range (32).
The preceding energies were based on utnshielded
thermopile readings at the irradiation loculs, and

incluided the thermal emission from the glass-filter
source. The irradiances were, respectively, 0.61 to
2.65 kergscm- , when the light souirce was shielded
by an infrared reflecting filter (Corning IRR glass,
8" thickness), correcting for the 30 % absorption
by the IRR glass in the visible spectrum. Irradi-
ance was varied by changing the voltage applied
to the source: the exposure time was always 15
seconds. A temperature-compensated thermopile,
calibrated against a standard lamp, was uised for
the determination of irradiances. Phototropic cur-
v-attires were measured oni shadowgraphs taken
perio(lically- after stimulationi. Phototropically in-
active oranige light (ttungsteni-filament lamp pluls
3 layers of DuiPonit cellophalne No. 3159, Tanigo)
anid Kodak Panialure F paper were uise(d for sha(low-
graphinig.

Effect of Lighlt and Compensation ont Tissutc
Reactivity to Auxin. Seventy hours after plantinig,
a solution of indoleacetic acid (IAA), sodium salt,
in 0.1 % Tween-20 was applied symmetrically to
the coleoptile tip of the intact seedling with a fine
camel-hair brush. The controls for auxin treat-
ment consisted of seedlings to which the Tween-20
soluition, without auxin, was similarly applied. For
irradiation, seedlings were illuminated equiilaterally
from above with the blue light for 15 seconds; the
incident energy was 6.4 kergscm-'. Immediately
after atuxin- or light-treatment or the combination
of the 2, the seedlings were returned to their re-
spective vertical or horizontal clinostats. Shadow-
graphs were takeni hourly dturing the 6 hours
following treatment.

4

FIG. 1. Multiple unit, single-axis, clinostat assembly.
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.J4un,io Conitenzt. Five-mm tips of 70-houir old
seedlinigs, gravity-compeInsated or vertically rotated,
wN-ere excised and their cuit suirface blotted with
moist filter paper. The tips were then mounted
vertically oIn a 1 X 8 X 11 mm agar block (1.25 %
agar in tap water). Thirty tips were mounted oIn
I block. A thin film of Nater, about 10 ,ul, was
spreacl oIn the block to facilitate tissue-block con-
tact. Tip-block assemblies w,ere kept in the dark
for 3 houirs in a water-saturated atmosphere at 250
foI auixini dlifftusioni, anid( then disassembled. The
blocks wsere kept ill a moist atmosphere for several
hotirs to eqtuilibrate. They wxere theni divided into
12 smaller blocks for assav hv the Avcnou curvatulre
test (23).

.-Juxli Tra,nsport. tC-M ethylene labeled IAA,
12.6 Cl/mole, wvas store(l in puirifie(d (36) acetonii-
trile. Al aliquiot of this soluitioln was resoved 1)
paper chromatography before uise ( 17). The eluite(d
14C_AA was (lissolve(l in aquteouis 0.1 % Tween-20.
FAor traslsport (leterminatioins, a 3 mm leilgth of
electrical 'spaghetti" tubing (I mmltl1 i.d.) \\as slippe(d
ov-eI and(I stupporte(d by the tip of the inltact coleop-

I

tile ( fig 2). Abol)out 9 m1g of '4(IAA in 6
soluition was introduticed into the tubing Itimen uisinlg
a No. 30 hypodermic needle. WNorking with 3
flasks at a time, fitting anid fillinig of the tutbinlg
involved removal of the seedlilngs from the clino-
stat for Ino more thaIn 3 minlutes. The donor tubing
was allowed to remain on the see(lling at 24° in the
dlark. At houirly intervals for 5 houtrs, assemblies
were separate(d into the followinig parts to dleter-
mine the distril)uition of 14C-activity: 1) tubing +
rinse of the coleoptile tip with water-satuirated
scintillatioin solveint, 2) apical 5-mm of the coleop-
tile tip, 3) next lower 15 mm, 4) remainider of the
shoot, 5) resi(duial seed, anid 6) roots. OccasionallN
leakage from ani ill-fitting doinor tuibe was observed;
this was readily detected as a glisteninig reflectioni
from the tissuie beneath the tubing when each flask
was held tip to the safelight for ilnspection. Suich
assemblies were discarded. Levels of radioactivity
wvere determinied 1b liquid scilntillationi couinitnig,
the xariouis parts being equilibrated in the scinitilla-
tioin solvent [Lliquifltuor, 25x: tolulenie: absoltute
ethainol, 4: 71: 25, v/v/v, (33)] for at least 2 houirs
at 250 before couin1tinlg.

I

FIG. 2. Donor-ttlbe see(lliig aIebliec used for measuriug IAA trausport.
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\Xe coinsidered that part l, the residtual donor
soltution and rinse of the tip, wotuld be in error by
the amotunt of radioactivity adhering to the surface
of the tip tissute. To obtain an estimate of this
residue, typical transport assemblies were made in
replicate. Immediately after stupply of the 14C-IAA
soltutioin to each assembly, the tttbing was removed
and the coleoptile rinsed with water-saturated scin-
tillation solveent. The tip was then excised from
the coleoptile and its radioactivity determined.
Residtual radioactivrity on the tip sturface was fouind
to be (2.4 0.9) % of the total '4C-IAA applied.
All mean counts for the tip tissuies in the transport
experiments w-ere corrected by the above factor.

Data Atalhsis. Dtuncan's new, mtultiple ranige
tests (16) were uised for statistical analysis of
tables I aind III, and the "t" test for paired differ-
ences for table II. The method of least squiares
was tused for the fitted curves of figuire 5.

Results and Discussion

Phototropic Respontse. To determiine the effect
of gravity treatment on first-positi-ve phototropic
response, compensated (C) and stationary (S)
seedlings ere irradliated tunilaterally with variotus
radiant (lensities. The response cirves are shown
in figure 3. These restults show, first, that com-

pensation after photoexposture increases the tropic
response, here about 2-fold (compare CC and SC
to SS anI(I CS). This increase canI be ascribed to
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FIG. 3. Phototropic response curves for compensated
and normiial stationarv Azecna coleoptiles. Curvatures xvere

determinled 2 hours after phototropic stimulation. The
f irst letter at eaclh curve denotes the graevity treatmenit
before, anid the second after, photoexposure. C-compen-
sated (rotationial axis horizontal); S-vertical, stationary.

Table I. Group Mean Plhototropic Curzaturcs of Avena
Colcoptiles Grazi-Coinpensated (CC), I ertically
Rotated (RC) and Stationary (SC) Before
Photostirnulation and Comiptensated Afterwards

The data are the means of 6 successive hourly
measurements of curvature in 4 separate experiments,
xN-ith 6 to 9 plants per experimetntal variant.

Exposure, kergs * cm2-'
6.4 7.8 9.4

Treatmiienit

CC 57.8,
RC 51 0
SC 55.6a

Standard
error** 1.1

Degrees* Row mean
64.41. 57.8n 60.0
62.4n 56.9a 56.8
72.6) 61.8: 63.3

--2.0 ±0.3+)-0.9
* For each radia?nt density, values with dissimilar sub-

scripts differ sigiiificantly at the 1 % level. For the
Row Means, all values differ significantly at the
5 % level, anid SC from RC at the 1 % level.

** Significance of difference determiined by Duncan's
studentized range tables (16).

absence of the geotropic stimtulus that is experienced
by a vertically-oriented cturving shoot. Second,
compensation does nlot materially change the ener-
gies at which maximtum response occturred. Third,
seedlings that were oriented vertically and were
stationary dtu,ring the growth period before photo-
exposture curved more than those that were com-
pensated (compare SC to CC and SS to CS).

Compensation involves 2 conditions with respect
to orientation an(d motion not experienced by a
stationary seedling. The treatment of rotation on
a vertical axis (designated R) was therefore intro-
duiced as a control for the motion component of
compensation. In combination with the 3 gravity
treatmeints, seedlings were irradiated unilaterally at
3 levels of radiant denisity and then placed utnder
compensation. Curvatures were determined houtrly
for the following 6 hoturs. The grouip means for
the 3 radiant exposuires are g.Lven in table I, and
the time coturse of cuirvatuire development after the
least photoexposuire is shown in figure 4. Rotation
per se apparentlx(decreases the phototropic response
since curvatures of both the horizontally- and
vertically-rotated plants (CC and RC) are less than
those of plants kept in a vertical stationary (SC)
position before expostire (table I). However, com-
parison of the cuirvatuires of plants previoLusly
rotate(c horizontall) (CC) to their vertically rotated
controls (RC) indicates that gravity compensation
enhances the phototropic response. This enhance-
ment is greatest at the lowest radianit density and
decreases toward the satturating radiant exposuires.

If co-mpensationi were the sole variable affecting
the photoresponse, there shouild be no difference
in response between rotated and stationary plants
when both are vertically oriented. That there was
a difference in tropic cuirvatture between these 2
control grotups in the present experiments indicates
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FIT. 4;. Time-response curves of unilaterally irradi-
ated Avena coleoptiles given various combinations of
gravity treatment (R, vertically rotated control). Radi-
anit exposuire, 6.4 Kergs * cm-'.

a physiological effect of either motionl per se or
the technique utilized to obtain that motioni. The
rotational rate of the seedlings was 2 rpm and
their maximum rotational radius was about 1 cm.
As pointed out tunder methods, the geotropic stimu-
lation from centrifulgal force may therefore be
(lisregarded.

It is possi,ble that vibrational accelerationi coni-
tri,buted significantly to the tropic response. Vibra-
tional displacements were determined at various
points on both horizontal and vertical clinostats
during operation, using a piezo-electric accelerom-
eter (General Radio Type 1560-P51). The fre-
quiency range of 2 to 1200 hertz was examined.
There was a peak, non-persistent, acceleration of
about 10-2 X g in all of the clinostats. Since dis-
continuous accelerations are additive (25, 28), a
recurrent force of the above magnitude could be
above the threshold range of tropic perception by
the coleoptile. It may be suiggested, therefore, that
clinostat experiments require a motion-control
with a vertical axis of rotation, uinless it is demon-
strated that this treatment yields plants whose re-
sponses do not differ significantly from comparable
stationary plants.

Figure 4 illustrates strikingly the effect of the
geotropic stimullus when shoots are not compensated
after unilateral irradiation. There was about a

10-fold greater curvature in response plateaus in
the post-irradiation compensated seedlings. These
plateaus occur at about 5 to 6 hours after photo-
tropic stimulation with, and 1 to 2 hours after
stimulation without, post-irradiation compensation.
Similar observations were made by Arisz (2), who
also noted that the time required for maximum
curvature varied with the magnitude of the photo-
tropic stimulus.

The time course of shoot curvature development
shown in figure 4 follows the sigmoid response
described by Lundegardh (26) for geotropism of
the Pisuint root (a rate demarcation that couild not
be (listingutished by Larsen (24) with roots of
Artemesia): a startinig phase with increasinig rate,
a "geumotorial" phase with a positive almost con-
stanit rate, and finally, an end phase in which the
rate decreases and the organ eventutally straightens.
In the present study with compensated Aventa
coleoptiles, the phase of almost constant rate
occurred approximately 1 to 3 houirs after irradia-
tion; the end phase occurs, as observed by Arisz
(2), at about 5 to 6 hours.

Brauner and Hager (8) found that the terminal
reduction in the rate of cuirvature development (end
phase) in geostimulated shoots of Helianthuts oc-
curred more slowly when the plants were subse-
quently rotated on a horizontal clinostat. In Avena,
we find this phenomenon not only with post-irradia-
tion compensation (fig 4, compare upper and lower
sets of curves) but also with compensation which
takes place before photoexposure (compare CC
with RC, fig 4). The prolonging of the photo-
tropic reaction is thus not solely a removal of the
geotropic stimuilus by compensation, but also in-
volves a change in tropic reactivity at non-saturat-
ing radiant densities. Though the phototropic re-
sponse to treatment CC differs significanitly from
that to RC (table I), the difference arises during
the later stages of curvatuire development (fig 4).
De \Vitt (38) has associated the end-phase redulc-
tioni in rate of culrving with auixini content: the
higher the auixin level in the organ, the more rapid
the reattainment of linear form. Therefore, it
seemed possible that the compensated plants con-
tained less auxin than did those that were vertically
rotated. Observations directly in support of this
hypothesis will be considered later in this paper.

Auxin Studies. The phototropic response is
greater, and subsequent straightening is delayed, in
the compensated seedlings compared with their
vertically rotated controls. Since tropism is classi-
cally associated with differences in auxin content,
the following, not mutually exclusive, possibilities
may be considered: compensation alters the amount
of auixin suipplied by the tip, changes the hormonal
imbalance induced by unilateral irradiation, or
changes the reactivity of the tissues to the hormonal
imbalance.

Since the rate of elongation of coleoptiles is
normally limited by auxin, a difference in elonga-
tion might reflect a change in aulxin content.
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responses of the intact Avenat seedling to apically

applied IAA (see Methods) were determined as an

index of physiological concentration. The response

RRc cuirves are shown in figuire 6. As with the section

RR test, elongation is approximately proportional to

RR the logarithm of the amount of aulxin supplied.
R R c ~~~~Here almost 5 orders of magnitude in amount of

R c I~~~~~~~AAdid not satuirate the response. Based on these
c ~~~~~~~~results, 5 jzg of IAA were applied to the coleoptile

tips of compensated and vertically rotated seedlinigs
2 3 4 5 6 at 70 houirs after planting. The seedlings were

HOURS AFTER EQUILATERAL RADIATION then either irradiated equilaterally or nuot irradiated.

Lengths of the coleoptiles were recorded over the

next 6 hours. These measurements are shown as

R histograms in figure 5B. Comparison with figuire
C

~~5A shows the overall enhancement of coleoptile

R ~~elongation by the IAA. Auxin tr-eatment of the

CC ~~~~cole-optile reversed the growth decrease induiced by

compensation, cauising the growth rate of the com-

RC C ~~~~~~pensated coleoptile to suirpass that of its vertically
R ~~~~~~rotated control. The group differences between the

c ~~~~~~~~vertically rotated and compensated seedlings, either

in the light or in the dark (figs 5A, SB), are

significant at the % probability level. It may be

2 3 ~~~~concluded that compensation enhanced the response

2OR 3FE 4UIAPLIA6O of the intact organs to applied auixin. Similar in-

AFILTERAUXINRAPPICATION ferences have been drawn recently in 2 studies with

cut tissues. Dedolph, et al., (14) observed that

ected by gravity treatment, light and auxin.
previous compensvation ofsp the intact seedlingain-

3'ram = no irradiation; open histogram

radiation, 6.4 kergs CM1 2 70 hours after Avena coleoptiles on whose stump IAA was applied
= no IAA; B = coleoptile apex moistened uinilaterally. And Brauiner (7) found that the

jag. The columns represent the means of 3 sensitivity of Helianthuts hypocotyl sections to auxin

In each experiment, 8 plants in duplicate is also increased by previous clinostat rotation of

the plant on its horizontal axis. The maximum

enhancement occurred after 3 hours of clinostat

rotation. These enhancements of response by com-

t-reviouis studies -ot growth with clinostats reveal
no uiniformity of interpretation: influences of clino-

stat -rotation on the growth rates of variouis organs

have (4, 5, 6, 13, 14, 20, 22, 27, 30, 35) and have not

(3, 9, 14, 15, 34) been observed. In our hands,

when coleoptiles were measuired 70 h-ours after

planting, no significant difference in meani length

was found between the compensated and vertically,
rotated planits. However, in the period between

70 and 76 hours, the coleoptile of the compensated

seedlings grows materially slower thani the verti-

cally rotated control (fig 5A). This was foulnd

both for coleoptiles irradiated equiilaterally andI for

those unirradliated. Furthermore, illumniniationi itself

resuilted in a temporary redulction in growth rate

(see also 29). Henice, for a portioni of the growthi
of the coleoptile, compensation and light cause a

significant decrease in rate -of elongation. Con-

ceivably these (lecreases could stem either fromi
a decrease in sensitivity of the tissues to auixin or

from a decrease in the amount of auxin available

for growth.

Sensitivity to Auxin. The effect of compensa-

tion and light on tissue reactivity to exogen-ous

aulxin was then tested. First, concentration-growth
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pensation may l)e assoc
bolic activity of tissuies
or are uindergoinig com

Exogenouisly stuppli
materially the growth
Neither di(d light, at tl
A) alter the slope of tl
to exogenouls aulxin, or
ment arising from the

Auxin. Conten t. Si
rather than (lecreases t
tile to atuxin, the alteri
sation decreases the an
growth was examine(l.
ods, "diffusible' auxin
the A.ena cuirvature tes
in table II. Gravity c(
compared to the vertic
rise to a small (16%)
(lecrease in the amoui
the coleoptile tip. In
tips were removed from
of diffuision. D)edolph
respiratory rate of A-z
pensation (Irops when
to the vertical rotated
the rotate(d conitrol with
difference observed bet
rotate(l see(llilngs (table
hadi the gravity treatm
the 3-hollr diffuision
similar to those showin
by the (lata of Dedoll
amounlit of auxin (liffui
satedl A ena coleoptiles
tips of planlts vertica

Table II. Effect of (Graz
fusib '.-letuxin of}

Eachi datulm is the me:

Experinment

I

III

NMean
\AM(U)/5mm ti).:

* R is significantly gre.
stand(lar(d error of diff

BBased on concentratioi
mlrntaneously ruin in ec.
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ciated xx ith the higher meta- ldifference there noted was not significant staisti'
that have been compensated call-.
pensation ( 11). Thouigh the IAA equivalents per nmm tip (table
ied auixin (lid nlot reverse II) are less thani those reported by Larseni (21),
impairment cauised by light. these resuilts do suipport ouir hypothesis, based on
he radiant (lensity employed, de \Vitt's observations (38), that the (lifference in
he curve of growth responise the straighteniing rate between the phototropically
B) affect the growth incre- cturved compensated anid vertically rotatecl A.zenca
additioni of aulxin. coleoptile is callse(i by a (lifferelnce in their auixin
nce compensationi increases contents. The vertically rotated seedlinigs, with
he sensitivity of the coleop- more auixin than the compensated, straighteni mor-e
iate possibility that compen- rapidly. Comparisoln between ouir resuilts anid those
romunt of auixin available for reported in the literatulre as to the effect of gravity
As descril)edtunder 'Meth- nulllificatioin oIn aulxinl level is (liffictilt. Braini (6)

contenlts were estimate(l by andl Schmitz (31 ) foulnd a higher contelnt of (hif-
it. The resuilts are tabullate(d fusible aulxin, respectively, in the hypocotyls of
ompensatioln of the seedling, Lupinus and nodes of grasses grown on the horizoni-
,ally rotated controls, gives tal clinostat. However, these workers diil n1ot ru
but nevertheless siginificant vertically-rotated controls.

it of auxinl diffilsing from Au.xint Transport. The lesser amouuiit of aiuxin
the present experiments the (lifflising from the tip of the compensate(d seedling
ithe clinostats for the period thani from the vertical rotated conitrol might be the
(11) has showvln that the resullt of a compensation-induiced re(lu1ctioin of aulxill

.-ena see(llings uinder com- tranisport. The b)asipetal tralnslocatioin of applie(d
the plalnts were transferred 14C-indoleacetic acid (1'C-IAAA) was therefore (le-
position, reachiing that of terminedI as aul in(lex of the effect of gravity

in 2 houirs. Therefore, the treatmenit oni auixiun tranisport.
tweeni the compensatedI and In preliminary experiments wvith 14C-IAA ap-
II) might have been greater plied apically to initact shoots, we foulnId essenitially
ents been conttinue(d dutring no radioactivity in the seed or roots 5 houirs atter
perio(l. Trend (lifferences applicatioin of the lal)eled aulxini. \[easurements
in talble 11 were indicated were therefore restricted to the tissuie of the shoot.

ph et al. (14) -vhere the Data on the effect of compensation on auxin trans-
sinlg from tips of compen- port ar-e showvn in table III.
s vas less than that from The 14C-I.A.A applied to each see(llig v-ariedl
llv, rotate(l. Howvever, the fromii 5 to 17, mpug. Since there was no correlation

between the amoulilt of au1xinl applie(d anld the
its'-Compcnsation, On tic Dif- fraction absorbed (correlationi coefficient, -0.23),
Avena (le1optile Tips replicate experimenits xvere poole(d to facilitate corni-
ain curvature of 12 test p)lants. parisoni between treatments. Wkhile compenisation

(li(l not affect the au1xinl absorption by either the
Gravity treatnwnlt dark or equilaterallv irra(liated intact shoot, and

c R di(d niot affect the transport in the unirradiated
tissules (table III), it appears to re(ldlce the 14C-JA!A1)eurees culrv-atulre tratnsport in irradiate(d seedlings. The 5 mim tips

12.5 14.1 of the irradiate(d conipensate(d shoot retain a small
11.9 12.9 hbut significantly greater amouniit of IA\-N thani those
9'4 11.0 of the rotated conitrols. Xlthouigh the '4C-IAA\
9.4 10.2 acti-vities are less in the lower portionis of the corin-

1() 2 9.0 penisate(d shoot thani in the rotate(d cointrols, both
6/6 12.7 in the irra(liate(d and(I non-irra(liate(l see(llinigs, the

(lifferenice here is uiot significant statistically (%12' 0 14.7 prob)abl)ity lex l
13.5 16.3

prbblt leel).13.. 14).5 These resuilts suiggest ani initeractioni betweeli the
14.5 effects of light and(I gravity, and(I that compelnsation

10.7 12.8* cauises a reduiictioni in the amouniit of TAA trans-
5.1 X 10 6.0 X 10- porte(l l)asipetallv in the irradliatedI see(llings. Su1ch
:.ter thanll C at the 5 % level, initeraction wotuld explaini the increase in photo-
eren1ce ±0.74. tropic responise of the gravity compenisated seedllinig
[-resp)onse curves for IAA si- as a resuilt of an increased (lifferential of auxill
-uclh explerinlent. tranlsport betwx een the irra(liate(d and the sha(le(d
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Table III. Effect of Gravity Treatment on the 1CJ-IAA Distribution in the Equilatcrally Irradiated (6.4 kergs cm-2)
and Unirradiated Shoot of the Intact Avena Seedling

Each datum is the mean of 3 replicates, 3 plants per replicate.

NO IRRADIATION EQUILATERAL IRRADIATION
Treatment Time hr 1 2 3 4 5 Mean 1 2 3 4 5 Mean

Tip 5 mm 80.8 65.5 58.9 56.6 48.3 62.0 74 5 60.2 53.0 59.5 56.5 60.7*Rotated Mid 15 mm 15.7 31.0 35.1 35,6 41.0 31.7 25.1 36.3 38.2 35.0 35.5 34.0
Control Base 3.5 3.5 6.0 7.8 10.7 6.3 0.4 3.5 9.4 5.5 8.0 5.4

% Absorption 35.6 42.9 48.8 462 39.0 42.5 36.7 38.6 27.3 47.7 37.6 37.6

Gravity Tip 5 mm 79.6 67.8 57.0 58.9 56.2 63.9 80.5 68.5 56.8 57.2 60.6 64.7*
Compensation Mid 15 mm 20.0 29.0 38.0 34.2 35 5 31.3 19.3 28.0 37.4 34.7 33.2 30.5Base 0.4 3.2 5.0 6.9 8.2 4.8 0.1 3.5 5.8 8.1 6.2 4.8

% Absorption 38.5 32.3 42.2 44 5 35.4 38.6 36 0 40.1 51.3 50.7 40.9 43.8

* In the equilateral irradiation treatment, the tip-5 mm of the gravity-compensated treatment retains significantly more
14C-IAA than the comparable rotated control [5 % probability level, standard error ±1.36 (16)].

half. This interpretation parallels Anker's (1)
speculation about the observations of Bremekamp
(10). Bremekamp found that horizontal clinostat
rotation of Avena coleoptiles wouild increase geo-
tropic cturvature (cf. also 11, 13). Anker stuggested
that an impairment of auxin transport by the
clinostat treatment would lead to an acctumuilation
of atlxin in the tip. And de Witt (38) found that
the geosensitivity of a seedling is dependent tupon
the auxin content of the tip: within limits, the
higher the auxin content, the greater is the response.

The transport differences noted above, as well
as the effect of compensation on the amount of
auxin diffusing from the tip (table II), and the
growth differences between the compensated and
vertically rotated shoot (fig 5), are of small mag-
nitude. These differences are, respectively, about
7, 16, and from 10 to 20 % of the rotated-control
measurements. Are they sutfficient to accouint for
the alterations in phototropic response? It shouild
be borne in mind that tropism is a consequience of
difference in auxin limited elongation between
proximal and distal tisstues in the plane of stimulluis
direction. And that relatively small elongation
differences are involved in prodlcing cturvatuire of
the organ. This is illuistrated by the relationship
of curvature to difference in length between the
shaded and irradiated sides of an unilaterally
irradiated coleoptile (fig 7). The lengths of the
convex and concave surfaces of the shadowgraphed
coleoptile were approximated by measutrement with
a flexible ruler. Since profiles were meastured, the
figure is derived from maximutm differences in
length between the 2 sides of the organ. Even so,
a lateral difference that is less than 2 % of the
length of the coleoptile may be associated with
curvatures of aboutt 10°. A 900 curvatture involves
a longitudinal difference of only abouit 10 %. The
curve also illustrates the direct proportionality of
the angle of cturvature to the lateral differences in
elongation (cf. 37).

Compensation results in an increase in photo-
tropic curvature, a decrease in growth rate, and

a slower rate of straightening of the cturved coleop-
tile. These responses can be associated with the
following consequiences of compensation: A) an in-
crease in tisstuc sensitivitv to aulxin, B) a decrease
in the amoutnt of ailxin suipplied by the tip, and

uw) 70

2X 60

cr 50

<> 40

G) sc6O
05
0 Ano

2 4 6 8 10 12 14

Al/T, percent.
FIG. 7. Relationiship of curvature to difference in

length between the shaded and irradiated sides of the
compensated Avena coleoptile at various times after uni-
lateral irradiation. The number of coleoptiles sampled
for each datum is shown in parenthesis. Al: mean lateral
difference in length; 1: mean length.
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possilbly, froom the iinteraction between compensatioin
and light, C ) a greater (liffer-enice in the auxin

transport b)etween the illulminate(d and(I sha(le(d half
of the phototropically stimuilate(d shoot.
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