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A central tenet of the theory of tropisms is that
slhoots are enabled to bend towar(d light and away
fromii the earth by a migration of auxin across the
stimulatedi I)lant. Following Cholodny's proposal of
suclh a lateral migration (12), WN-ent in 1928 (31)
slhow-edi directly that w\hen the tips of Avena coleop-
tiles are illuminated fromii one si(le. imiore auxin dif-
fuses out of the darker than out of the lighter side.
The evidence was almost simultaneouslv extendled to
geotropismll I)v Dolk, whose doctoral tlhesis (15) pro-
vi(ledl a careful demonstration thlat when Avena col-
eol)tile tips are hel(d horizontal mzolre auxii(ldiffuses
oUt of the lower than out of the upper sidle. Dolk's
experiments further showed that when auxin is ex-
ternallv, applied to horizontal sections cut froml de-
caplitatedl coleoptiles. it un(lergoes (L simiilar asym-
mietr-ic dlistribution. For both phototropisml ai(I geo-
tropissm the asymmetric (Iistribution of endlogenous
autlxini was soon confirmiie(d b)y other workers, ancl the
observations were exten(le(l both h)v (liffusion an(I by
extraction to (licotyle(lonous see(llings als well (see
WVent & Thimllanin (33 ) and Thimann & Curry (27)
for reviews). Subse(quently a large aggregate of
concepts. tlhouglh actually not manxy additional dlata,
have crystallized aroun(l this simiiple notion of lateral
aulxini trailslx)rt.

In recent years. however, the lateral transport
hypothesis hias been seriously qluestioned, primiiarily
because a number of workers failed to find( anv
asy-mmietric distribution with in the tissue Nxhlen ra(lio-
active indoleacetic acid was applied to stimulated
plant parts, an(d radioactivity, instead of growth-
promllotinig activity, was the criterionl. Negative re-
suilts with plants place(l horizontally or illuminated
ulnilaterally were reporte(l for miiore than one species
by several groups of workers, notably Bfnning et al.
(1() . Gordonl and Eil) ('19), Reisener (21, 22),
Reiseller and Simoin (23 ), and( Chiig and Fag ( 1 1).
On the other- lhanid the original measurements, bIased
oi1 bioassay of c1l(loqcitlois auxinl (liffusilng froIml the
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basal surface of stimiiulated plant sections inlto agar
blocks, have been confirmed andl extended: Priggs
et al. (9) an(d Gillespie and Briggs ('16 ) have found
clear-cut asymmnetric distributioni. Briggs (8) pre-
sents still miiore evidenice for the reproducibility of
these results. -Much of this wo-rk has recenltlv been
rexiewedl by- Aniker (2).

S,uclh strikinig disagreemilent between two milethods
of mleasuremiielnt calls for explalnation. If a planlt
in(lee(l translocates its native indoleacetic acid. it
must without discrimiiiniationl move exogenous iin(lole-
alcetic aci(l in the samiie wav. providing that the ap-
pliedl auxini is ialde accessible to the transport sys-
temi. It is of fundamiental. imiportance that when
1A-\A-C' 4 is applied to oat coleoptile sections, thle
ra-(lioactivitV transported out ilnto agar blocks is in-
(lee(l biologically active as auxiin (18). OIn the other
liand, several interpretations of the discrep)ancy mlay
be considered.

In the first place. the endlogenious autxiniwhich
becomes asvmimletericallv distribhute( imighlt lCot be
in(loleacetic acid (IAA ). This is. however, mia(le
imiiprobable by the repeated demionstrations that IAA
is the auxin prod(lucedl by Avena coleoptile tips (34,
20, 25) and by the fact that it (loes restore geotropic
sensitivity to (lecapitatedl A-ena coleoptile sections
placed hor-izonltally in solutionls (1). As a second
alternative, the material which becomes asymmetrical-
lv dlistributedl imiighlt not be the aulxini itself, but an
auxin precursor or soflie othler factor controlling the
synthesis of auxinl.

Thirdly, it is imiportant to note that the mseas-
uremiients of raadioactiv-ity- have invariably been mladle
onI the tissue itself or on tissue extracts wlhile most
of the mleasuremiients of biological activity have been
madle on agar blocks receiving the transporte(d auxiiI.
Thus gravity or liglht imiight conceivably cause the
lateral mligratioin of a factor controlling polar trans-
port, so that although the aimounts of aiuxin oIn the
tw-o si(les of the planit remiiained the samle, the amounts
transported througlh the tissue inlto receiver blocks
miglht be (lifferenit. It w\vould, in(leedl be surprising
if careful (leterliniationis of radioactivity in the tissue
failed to reveal somle chiaInge. but it is nlot imilpossible.

Mechanisms of this andl otlher kineds involving
changes in auxini production. release. transport, or
utilizationl on one si(de (without clhange in the
amiiouniits l)resent at any- mioment ) have been posttulated
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by several workers, but as will be brought out below,
no mechanism wvhiclh does not involve lateral trans-
port of some substanice is compatible Nvith the data
based on bioassay.

The authors lhave therefore set out to resolve
the discrepancy. The arguments, which apply equal-
ly well to geotropism and phototropism, will be
evaluated by silmiilar types of experimlents for both
cases. This first paper deals with the geotropic re-
sponse of twNo types of shoot; tropisms of roots have
not been includled in the present work. Some pre-
liminarv results on geotropism have already been
publishe(d (17).

Materials & Methods
Carboxyl-labeled indoleacetic acid (IAA-C14)

was sy-ntlhesize(d by the miiethod worked out by Stowe
(26). The specific activity was 0.95 curies per
mole. In a(l(lition. wve are grateful to Dr. Stowe for
providing a sanmple of IAA with a higher specific
activity, namely 16.9 curies per mole; this greatly
facilitate(d certain of the more delicate measurements.
The metho(ds of purifying the IAA-C14 and of meas-
uring low ra(lioactivity and self-absorption both in
agar blocks and in tissue were similar to those of
Goldsmiiitlh and( Thimiiann (18). The purity of the
IAA of lowver specific activity was checked chro-
matographically, usinlg as solvent isopropyl alcohol:
28 % ammiiiionia: water :: 8: 1: 1. On one occasion
Bitancourt's mliethod using water in an atmosphere
saturated Nvith acetic acid vapor (3) was substituted.
At least 97 g of the total radioactivity on the paper
chromatograplh strip was associated with a single
well-defined Salkowski-positive spot; the remaining
3 % was uniformly spread between the spot and the
solvent front. No other Salkowski-positive regions
appeared, although it was shown that as little as 2 %
of the Salkowski-positive material could have been
detected under the conditions employed, had it oc-
curred in a localized spot elsewhere on the paper.
With the alcohol-ammonia-water method, the Rf of
the spot was generally close to 0.35; in those instances
where it deviated, a control spot of unlabeled pure
IAA deviated to the same extent. The hormone
solution used in the experiments presented in table
VII was found to be slightly less pure than the other
lots; two spots appeared, one with an Rf of about
0.3 which contained 96% of the total radioactivity
and one with Rf of about 0.7 which contained 1.7 %
of the radioactivity. The sample of IAA of high
specific activity received from Dr. Stowe was re-
ported by him to be 97 % pure, and was further
purified as above.

For the experiments with oats, radioactivity was
measured with a windowless Geiger counter with an
efficiency of 44 % and a background which was
typically 17 cpm. Each sample was counted for 10
minutes immediately after it was dried down. For
later experiments with corn and sunflower seedlings,
a counter with a background of only 3 cpm became
available; the efficiency was approximately 33 %,

changing slightly whenever the window was replaced.
This machine held larger planchets than did the
formler counter, permitting thinner spreading of
samiiples, xvith conlse(luent reduction in the absorption
factors. It was found also that the samples did not
nee(l to be counte(l innme(liately after dlrying, sinice
they lost no measurable activity after a week at 25 C
or a month at 3 C, wvhen dried down on a planchet
either alone or with agar or pulverized tissue. This
stability permitte(d long counting periodls, and the
value recor(led for each sample is based on not less
tlhan 1000 counts. For critical determinations of
auxin ratios between the upper and lower sides of
the plants, 2000 to 6000 counts were usually accumu-
lated for each samiiple. For all these reasons. the
conisistency of the (lata obtained with corn and sun-
flowers was somiiewhlat improved over that reported
for oats.

Coleoptiles of both Avena sativa L., var. Seger-
havre, and Zea niays L., var. Burpee's Barbecue Hy-
brid (lot 6241), were grown in darkness interrupte(d
occasionally by dlim red light (Corning Filter No.
2408), at 25 C, with relative humidity of 83 % to
87 5 . Unhusked oats were soaked in water for about
three lhours and sown in (lamp sawdust. Twelve
hours of red light, administered during the third
night of growth, sufficed to inhibit mesocotyl elonga-
tion, and the plants were ready for use 90 hours after
planting. The corn seeds were surface-sterilized for
about ten minutes in 10 % commercial hypoclhlorite
(CChlorox). rinse(l for three hours in running tap
water, and set out on moist paper towels. A red
light was turned on for three or four hours during
the thir(d night of growth in order to inhibit mleso-
cotyl elongation. If miolds began to develop. the
germinating seeds wvere sprinkled lightly with Pliy-
gon (2.3-(dichloro-1,4-naphthoquinone, Naugatuck
Chemical Co.). About 90 hours after soaking, when
the plants were ready for use, they were illuminated
for 2 hours with light from a fluorescent bulb covered
wvith a red filter (i.e. red light free from far-red).
This preillumiination re(luced the endogenous auxin
to a low and(l consistent level as (lescribed in detail
by Briggs (7) an(d confirmed in the present experi-
mlents (unpublished (lata). The (listribution of IAA-
C'4 in(luce(d by gravity was found to be the samile
in sections cut fromlplants pre-exposed to red liglht
as in those grown in total darkness after 60 hours and
manipulated un(ler a far-red source [incandlescent
bulb, Corning Filter No. 7-69(2600)]. Polar auxin
transport, too, appearedl to be unchanged. Since
somle of the experiments were tedious, twelve hours
often elapse(d between the cutting of the first and
last coleoptiles, but corn coleoptiles between 2.5 and
4 cim long and( oat coleoptiles between 2.5 and 3.5 cmii
long were alwvays selected. Although auxin prodtuc-
tion, growth rate, and tropistic reactivity have long
been known to vary conspicuously with coleoptile age
(33), the behavior of both polar and lateral auxin
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transport systemis seenmed remiiarkably constant in oat
and corn coleoptiles witlin this lenigth range.

Seedls of flelianthlus anunuitils L., var. Manimoth
Russian (lot 170 of the Joseph Harris Co.) were
soaked in water for about tlhree hours, set out in
imloist vermiculite, an1( grown for 110 hours at about
25 C unider white light miieasuring 12,000 mleter-
can(lles at planit level. The (laylength was 16 hours.
The hypocotyls selectel wvere between 3.5 and 5 cn
highl, about 2 mm in diameter, an(d bore dark greeni
cotyledons. Preliminary investigations showed no
gross difference in lateral (listribution of IAA-C'4
by seedlings cut at the end of the day and those cut
at the end of the night. The plants were transferred
to the dark room at least two hours before section-
ingl anil thereafter received only mlinimal red light
(lul-ring manipulations.

All sections were cut 6.5 nmmii long. The apical
cut removed the auxin-producing zone (31. 8. 6); it
w-as ima(le 1.5 mnm belowv the tip of .A\ena and at least
2 min below the tip of Zea. Sections of Helianthus
hvpocotVl were cut 2 mlm below tlle cotyledons.

In all expeeriments. blocks of 1.5 c washed agar
were cut to a stan(lardl size (12 X 9 X 1.5 mm).
For the Avena curvature test of table II these were
cuit inito 12 to provi(le the standard(I 10 mm3 blocklets
for settilng on the assay plants. Blocks used for
the grotll test of figture 2 w-ere also cut into twelve
pieces, only eight of whiclh -were uised for measure-
melts at eaclh auxini concentration. Tn otlher experi-
melts thle blocks were usually sul)(fividled into halves,
thir(ds, or foul-thls. but were recombine(l at the endl
of eaclh experiment.

Results & Discussion
Coleoptiles of Oats (ATretia satiTa): The first

experiments were modleled after the classical investi-
gatioln of Dolk (15)). A r-azori bla(le. coatedl with
stopcock grease, was mnioted in a lucite boldler. On

either side of the blade, agar blocks were set in such
a way that the cutting edge of the blade protrudled
1 nmmi above the surface of the blocks. Next, 20
Avena coleoptile sections were pressedl onto the blade
so that the basal ends were bisected in a plane per-
plen(licular to that of the vascular bundles, andCt rested
on the agar. Finally, agar blocks containinlg 2.3 X
10 Al C14-labeledl IAA were set on the apical ends
of the coleoptile sections: these blocks were held in
place by the lid of the plastic apparatus. The as-
sembly was then enclosedI in a small humid chamber.
andl set so that the Avena sections w-ere heldl either
horizontal (experiment) or vertical (cointrol). After
165 minutes, the coleoptile sections. the donor agar
block, and the upper and lower (or in conitrols tlle
right and left) receiver agar blocks were splread
uniformly in separate planclhets, drie(l, and cotunte(d.
Unused duplicates of the donor blocks were similarly
treated. The results of these experiments lhave been
pulblished in detail (17) andl are givenl here only in
summary form in table I. Eaclh figure is an aver-
age from 11 or 12 complete experinments, each coimi-
prising 20 coleoptiles. First, the results w-itlh ver-
tical sections (series I) show highly symmetric (lis-
tribution of tlle transported label and nearly complete
recovery of applie(d radioactivity. Series TI and
TII show that, after application of the samie auxini
concentration to lhorizontal sections. thelre appears
an asymmetry in the distribution amountlting to 40.1:
59.9 in one series, and 39.1: 60.0 in the other. Six
otlher prelinminary experiments gave sililar results.
The conibined data leave n1o (loult l)ut that the trans-
port of IAA-C14 is asymmetric in Avenia coleoptile
sections hel(d horizontal.

The discrepant results repor-te(l by otller orkers
have w\ithout exception been obtained by halving-
coleoptiles suipplie(d withl TAA-C14 alnc (leterminin-
the radioactivity in the tissue (eitlher (irectlv or hv
extr-action). This proce(duire measutires not onfly the

Table I
Summary of Distribution of IAA-C'4 Entering Agar Blocks Applied to Base of 6-mm

Sectionis of Avena Coleoptiles and( in the Tissue Itself.

cpm in tissue cpm in receiver
cpmll in dlonor --

block Upper Lower blocks
half half Upper Lower

I Sections vertical,
receivers dividedl

II Sections horizontal,
receivers divided

III Identical with II
IN, Sections horizontal,

tissue divided

298

269
2 x 456**

294

143

124
142

66.4 72.5

26.7: 28.0:
25.4 37.1
29.2 45.5

62.5

recovery

(( in upl)er block
or tissnie

97 49.1: ± 1.4

90 40.6 --' 1.1
96 39.1 -l-- 1.3

98 47.8 - 0.7

Each numiiber represenltinlg cpmii has been correctedl for self-absorption of agar or tissue. Iniitial activity of donior
block was 511 cpm ini series I, II anid IN", 586 in series III. Diffusionl time was 165 mill.

For uppcr and loccr read lcft anid right sides respectively inl series I with sectionis vertical.
Two dlonor blocks were use(l iinsteadl of one in series III.

216)



GILLESPIE & THIMANN-LATERAL MIGRATION OFAUXIN2

Table II
Amount of Auxin Diffusing out of Corn Coleoptile

Tips Pre-illuminated with Red Light

Auxin Calculated amount
Experi- Aui yield, of IAA trans-
menit

Axisore degrees ported per tip
curvature per hour in,ug

1. 4 (6 mm) tips 15.7
for 3 hr 18.0
= 12 tip-hr 11.9

18.5

16.0 avg 8.3 X 10-4

0.025 mg/l IAA 7.1
in agar 6.0

6.5 avg

2. 6 (3 mm) tips 14.5
for 2 4 hr 15.4
= 13.5 tip-hr 15.9

14.3
14.6

14.9 avg 7.0 x 10-4

0.025 mg/l IAA 5.8
in agar 7.0

6.4 avg

7.7 X 10-4 avg

IAA in transit, but also any additional IAA which
is not being transported. Since most evidence indli-
cates that only transportable auxin is correlated with
geotropism in the Avena coleoptile (14, 32), a fourth
series was carried out in order to determine whether
the presence of immobilized auxin in the tissue might
under some conditions obscure a lateral gradient in
the moving auxin. In this series the sections were

bisected in the plane which had previously been
horizontal. Table I, series IV, shows that while
the total radioactivity found in the tissue and in the
receivers agrees very well with the results in series
I and II, the asymmetry of distribution within the
tissue is very small, and though it is in the expected
direction, it is too slight to be convincing. As con-
trol on the technique of bisection, five other sets of
coleoptile sections were bisected and weighed; the
average difference between 20 upper and 20 lower
halves was found to be 2.2 % with a maximum differ-
ence of 5.3 %. Thus, even though the amounts of
auxin diffusing out of the upper and lower sides of
the bases of the sections show a clear difference, the
auxin gradient within the tissue might easily be over-
looked. This fact evidently goes a long way toward
explaining the failure of other workers to obtain
asymmetrical auxin distribution under the influence
of gravity.

Asymmetric IAA Distribution in Coleoptiles of
Corn (Zea mays): Because the Avena coleoptile is
the classical object for studies on auxin and tropisms,

and especially because the apparent discrepancy be-
tween the distribution of endogenous diffusible auxin
and applied IAA-C'4 had been reported mainly for
Avena, it was felt essential to carry out the first ex-
periments with that coleoptile. The coleoptile of
corn is, however, preferable for this work, both be-
cause of its larger size and because of the more com-
plete recovery of radioactivity obtained with corn
coleoptile sections. (A certain amount of radio-
activity disappears during most 3-hour experiments
with oat sections.)

It was first necessary to determine the amount of
endogenous auxin normally diffusing from the corn
coleoptile tip under the conditions used. This was
done with the standard Avena curvature test. The
results (table II) show that the corn coleoptile tip,
when pretreated with red light, yields 8 X 10-4 Ag
of auxin per hour. Next was determined by trial
and error, for each series of experiments, the con-
centration of IAA-C14 which, applied in a donor
block to a given number of corn coleoptile sections,
would result in this "normal" amount of auxin being
moved into the receiver by each plant during a diffu-
sion period of 165 minutes.3 This made it possible
to relate the amount of auxin supplied by donor block
to the auxin that the tip would have produced under
the conditions of the experiment, had it been left
on the section. (These figures appear in the notes
to the tables).

The amounts of IAA-C14 diffusing out of the up-
per and lower halves of the cut surfaces of horizontal
6.5 mm corn coleoptile sections were then determined
as with oats. The basal ends of 22 sections were
pressed onto a horizontal razor blade so that they
were bisected to a dlepth of less than 1 nmm. donor agar
blocks containing 5.7 X 10-6 1i IAA-C14 were placed
against the apical surfaces. and plain agar blocks
were set at the basal surface on either side of the
blade as receivers. The radioactivity in the upper
and lower receiver blocks is shown in the first two
columns of table III, part A. In the third column
the radioactivity found in the upper of the two re-
ceivers is expressed as per cent of the total amount
transported; the average value is 30.4 %. An im-
portant feature of the manipulations-randomization
of the sides of the completed assemblies which were
to face downward-guarantees the absence of a
bias in this average.

Part B of table III shows that there is a clear
(lifference between the radioactivity of the upper and
lower halves of the tissue as well; 40.3 % of the
radioactivity foundl in the tissue is on the upper side.

3 Thirty minutes of this period are required for the
first IAA-C14 molecules to cover the 6.5 mm distance
to the base of the sectiolns. Hence the amounts of such
exogenous IAA per hour must be computed with an
effective diffusion period of 135 minutes rather than the
actual period of 165 minutes. Furthermore, to simplify
the calculation it was assumed that IAA-C14 enters the
tissue at a conistant rate.
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After the (drie(d samlples had been counted they were
weighed; the sixth columln indicates that the weights
of the upper and lower halves w%ere in every case
nearly equal. By adding the radioactivity in re-
ceivers and tissues to that remliaining in the donors
and comparing the sum with the 632 cpimi supplied in
the donors, as has been (lonie in the table, it can be
seen that on the average 93 '< of the ra(lioactivity
present initially was still preselnt at the end of the
experiment. The asynmmetric (listribution of IAA
moving through the tisstue mliust be conisi(leredl con-
clusively (lemonstrated.

Degree to which the Asymmnietric Distribution of
Moving IAA Is MIasked by Imiimobilizedl IAA: The
difference between the auxin content in the upper
and lower halves of the tissue, in corn as in oats,
is less marked than that in the agar receiver blocks.
This is to be expected, since as the auxin is trans-
ported longitudinallv, miiore alnd miiore of it miioves inlto
the lower half of the section as a resuilt of lateral
transport. The difference between the auxin content
in the upper and loNwer halves of a section thus repre-
sents an integration fromli the apical end( of the sec-
tion, wrhere lateral transport is just beginniing, to the
basal end w-here a larger proportionl of the auxin
has accumlulated on the low-er side.

A factor nmore important for the present discus-
sion, however, is the extent to which the auxin pres-
ent in the tissue may be in bound form. It was
incdicated above that in Avena coleoptile sections
suclh bound axin can miiask some or all of the asvm-
metric (listributioni of the auxin being transportedl.
If the aimiount bound wvere directly proportional to
the aimiount transl)ortedl, there would be no imiaskinig
except that (lue to inltegration effects noted above.
As Goldlsmlith and( Thimann have shown (18), radlio-
activity is boundl uniiformly alonig the length of an
oat coleoptile section in proportion to the aImlounlt
of alppliedl auxinltranisported througlh it, when that
amlounit is comiiparable with the endogenous level.
However, as the conlcentration of JAA-C14 is raised,
the proportioni of auxin bound increases; miiost of the
bindii-ing occurs wvithin the uppermost third of the
ti ssue. Suclh anl inicrease in binding would cause
serious masking of the true asymmetry. Since this
pllenomolenon could w-ell be of general occurrence, a
stu(lv was made of the amounts of binding and of
transport in corn coleoptile sections as a function
of auxin concentration in the (lonor block.

Coleoptile sections were set between donor and
receiver blocks in the miianner of Van der \Weij (29).
uisilng a series of fAA concentrationls in the donors.

Table III
Asymmetric Distribution of Auxini in Corn Coleoptile Sections Transporting 'Normal Amiounit of Auxin*

Part B. Tissue (halved lengthwise)

Radioactivity, cpm .'h radioactivity cpmre%aiiiig in donor recovery of
Upper receiver Lowver receiver in upper receiver radioactivity**-

1 62.0 139.0 30.8 195 92
2 48.2 112.9 29.9 261 93
3 49.3 115.0 30.0 233 93
4 55.7 131.8 29.7 220 91
5 40.7 114.0 26.4 310 98
6 47.5 108.2 30.5 396 95
7 50.9 91.2 35.8 294 02

avg 50.6 116.0 30.4 259 93

Part B: Tissue (halved lengthwvise)
Radioactivity, cpm**

Upper lhalf Lower half

77.7
63.5
68.1
64.3
66.9
64.6
56.4

65.9

106.0
99.0

121.1
103.8
89.5
82.0
86.4

98.3

% radioactivity Dry wt, mg
in upper half Upper half Lower half

42.3 8.4 10.0
39.2 10.8 9.3
36.0 9.2 9.1
38.3 11.5 9.8
42.8 9.9 9.0
44.0 10.5 9.9
39.6 8.8 10.7
40.3 9.9 9.7

* Concentration of IAA-C14 in donor was 5.7 X 10-6 M, corresponding to 632 cpm. This amount was chosen so
that it gave rise in the receivers to 8 X 10-4 Lg IAA per hour (cf. table II).

** The cpm in receivers and donors have been multiplied by a self-absorption factor of 1.25 for agar; the cpm in
the tissue have been multiplied by a self-absorption factor of 1.74. Specific activity of IAA was 0.95 c 'mole:
counting efficiency was 33 %. Diffusion time w,as 165 miii. There were 22 sections/receiver.

*** Obtained by adding activity in donor and receiver blocks slhoN-n in Part A to that in tissue shion\-i in Part B.

1

2
3
4
5

6
7

avg

xxeight ill
uipper half

46
54
50
54
52
51
45

50
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FIG. 1. The dependence of polar transport of IAA
through coleoptile sections on donor concentration. Up-
per curves: data for 6.5 mm Zea coleoptile sections.
Lower curves: data for 7 mm Avena coleoptile sections,
adapted from Goldsmith and Thimann (18). Arrows
indicate amounts of IAA transported in the oat experi-
menits of table I and in the corn experiments of table III.
The donor concentration which would produce normal
transport by the corn is 2.5 X 10-6 M; this value is not
known for the oats, but 0.5 x 10-6 M agar blocks pro-

duce almost maximal response in the standard Avena
curvature test. The data have been normalized by cal-
culating disintegrations per minute on a single-plant
basis; in both cases the specific activity of the IAA-C14
was 0.95 c,/mole. All agar donor and receiver blocks
were the same size, and diffusion time was 3 hours for
both plants, but there were 20 sections per assembly of
Aveena as compared to 12 for Zea.

In figure 1 the counts found in the tissue and in the
receivers are plotted against the counts applied as
IAA-C' 4. For comparison, the data of Goldsmith
aln(d Thimann on oat coleoptile sections are plotted
oni the same scale. It is clear that, although the
amounts of auxin in both tissues increase linearly
with increasing donor concentration, the ability of
the sections to transport auxin into receivers soon
approaches saturation. The amounts of auxin trans-
ported into the receivers in the geotropic experi-
ments of tables I and III are shown by arrows in
the figure. Since the arrow for corn lies well below
the beginning of saturation, a decrease in the donor
concentration of table III would not change the pro-

portion of auxin that remains in the tissue. Little
if any masking should therefore have occurred in
the experiments of table III. The arrow for oats,
on the other hand, lies much closer to the saturation
level, and this probably explains the failure to detect
a significant asymmetry in the oat tissue. Whether
the lateral transport becomes saturated at the same

IAA level as the basipetal transport is not known,
but even if it does not, overloading of the basipetal

system would diminish the asymmetry of the auxin
at the base of the section.

The binding of auxin probably accounts in large
part for the failures of other workers to measure
asymmetric distribution of applied IAA-C14, for none
of them assessed the proportion of bound and mov-
ing auxin. Reisener and Simon (23) did make such
an attempt; by drying treated coleoptile sections over
P,05 and extracting with ether, they concluded that
only about half the label applied was fixed in the
tissue. However, their method is inapplicable to this
problem since it was shown long ago (28) that when
IAA is added to tissue which is subsequently dried,
the auxin becomes fixed in a non-physiological way.
Such auxin fixation can be reversed by adding water,
but this was not done. The status of the free and
bound auxin in their experimiients thus remains un-
known.

Asymmetry Independent of IAA Supply in Un-
saturated Sections: It remains possible, of course,
that the absolute amount of auxin undergoing lateral
movement is always the same for a given stimulation
period, regardlless of the auxin level in the tissue.
In such a case, the asymmetry would become in-
creasingly conspicuous as the donor concentration
was lowered. If, on the other hand, under normal
conditions the activity of the induction system is
limited by the auxin available to it, the asymmetry
should be independent of donor concentration over
a considerable range.

Therefore, the distribution of IAA-C14 was stud-
ied in two series of experiments similar to table III
except that the donor concentration was lowered.
The results of the first series, in which the donors
were adjusted to produce 70 % of the normal auxin
transport, are shown in table IV, while table V shows
the results of a second series in which only 40 % of
the normal amount of auxin was carried. The dis-
tribution of radioactivity in the receivers of table
IV is 31.5: 68.5 and that in table V is 28.9: 71.1,
agreeing very closely with the 30.4: 69.6 of table III.
Indeed t-tests gave p=0.5 and 0.3, respectively. In
regard to the tissue, the auxin asymmetry shown in
table IV, i.e. 38.7: 61.3, can be compared with the
40.3: 59.7 of table III; again, there is no significant
difference (p=0.4). However, in a third series of
experiments, in wlhich the average amount trans-
ported by the sections was only one sixth of the
normal amount, the distribution found was 23.2: 76.8.
(For this test the IAA emlploved was of higher speci-
fic activity than in the other experiments.) A t-test
showed that the difference between this ratio and
the ratio of 30.4: 69.6 in table III is highly signifi-
cant, p being well below 0.01. Thus if the donor
concentration is low enough, the proportion of auxin
found on the lower sidle dloes increase somewhat.

It will be noticed that these experiments provide
an independent check that the proportion of radio-
activity remaining in the tissue does not change ap-
preciably at these auxin levels. In table IV, 678-
314=364 cpmn entered the tissue, and 147 cpm re-
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Table IV
Asymmetric Distribution of Auxini in Corn Coleoptile Sections Transportinig Seveni tenths of

the Normal AAmounit of Auxin.* Conditions otherwise as in Table III.
Radioactivity in receivers, cpmi % of Radioactivity in lhalved tissue, cplll radioactivity

radioactivity in upper tissueUpper Lower in upper receiver Upper Lowx-er lhalf
1 76.0 151 33.4 45.6 90.5 33.5
2 60.5 130 32.0 51.6 79.4 39.5
3 61.9 150 29.2 58.6 88.5 39.8
4 ... ... 42.0 54.8 43.4
5 62.2 145 30.0 51.5 75.5 40.5
6 56.5 116 32.8 41.5 75.5 35.5

avg 63.4 138.4 31.5 48.5 77.4 38.7

cpm remainiing cpm in apical % recovery of Weight of halved tissue, mg % of weight inin donior tissue segment radioactivity Upper Lowxer upper tissue

1 243 19 94 17.5 16.6 51
2 301 18 99 17.5 16.1 52
3 282 25 99 17.5 16.2 52
4 396 25 15.5 15.8 50
5 303 21 97 17.6 16.9 51
6 326 20 94 16.8 16.9 50

avg 314 21 95 17.1 16.4 51

The concentration of IAA-C'4 in donors wxas 3.0 X 10-6 Al, corresponding to 678 cpm. This amount was chosen
so that it gave rice in the receivers to 5.6 x 10-4 jg IAA per section per hour; i.e., 70 % as much auxin as was
transported in table III. The cpm in receivers and donors have been multiplied by a self-absorption factor of
1.33 for agar; the self-absorption factor for tissue halves was 1.56. Diffusion time 165 minutes, counting effi-
ciency 33 %, and specific activity of I.-A 0.95 c/mole. There were 20 sections per assembly, and tw-o assemblieswere pooled for eaclh experimenit.

Table V
Asymmvnuetric Distribution of Auxin Produced by Corn Coleoptile Sections

Tranlsporting Four Tenths of the Normal Amount of Auxin.*

Counts per minute %recovery5 cpm in
Upper receiver Lower receiver Tissue Donor upper receiver

1 44.4 124.0 151 236 101 26.4
2 32.4 71.3 110 318 97 31.2
3 23.4 ;1.6 ... 335 31.1
4 35.8 91.5 84 282 93 28.1
5 50.9 125.5 109 219 92 28.9
6 47.1 109.0 99 244 91 30.27 32.4 90.1 89 298 93 26.6

avg 38.1 94.7 107 276 95 28.9
The concentration of IAA-C'4 in donors \vas 2.7 X 10-6 AM, corresponding to 547 cpm per pair of donor blocks.
This amount gave rise in the receivers to 3.2 X 10-4 iAg IAA per section per hour, i.e., 40 /,i as muclh auxin as
was transported in table III. The cpm in receivers and, (lonors have been multiplied by a self-absorption factorof 1.19 for agar, while the cpni in tissue have been multipliedl by a self-absorption factor of 2.02. Diffusion time165 minutes, counting efficiency 33 %,, and specific activity of IAA 0.95 c/mole. There were 22 sections per
assembly, and two assemlblies wvere pooled for each experimenit.

mained there. Thus 40 Cc of the entering counts
were found in the tissue. In table V the figure is
40 %, and in table III it is 44 %' . In addition, in
table IV the apical 2/3 mmni of the sections was re-
moved before halving the tissue and counted sepa-
rately, to confirm that the picture is not (listorted
by excessive bindling of radioactivity near the surface
in contact with the dlonor. \N'hen (dry these segments
wxeighed (as an average of the s.ix experiments each

comprising forty sections) 3.4+0.4 mg each, andl
contained only 14 % of the radlioactivity in the tissue.

An Alternative MIethod of Demonstrating Lateral
Auxin Transport: A modification of the geotropic
type of transport experiment wlhich shows at least
qualitatively the increased lateral miiovement of auxin
caused by gravitational stimulation was designed by
Braunier aind( Appel (5). These workers removed
lhalf of the apex of an Avena coleoptile and replacedl
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it with a small agar block; the seedling was then ar-
ranged horizontally so that the block was on the lower
side. It was anticipated that during a 90 minute dif-
fusion period enough auxin would be moved down-
ward across the cut surface into the agar block to
be detected by the Avena curvature test and, indeed,
such blocks caused test plants to curve 4°. Control
blocks, which replaced the halved apices of plants
placed upright, produced only 10 curvature. The
results of this experiment seem plausible, but since
the curvatures were very small, the experiment has
been refined using corn coleoptiles and radioactive
IAA of high specific activity.

Corn coleoptile sections were slit in half and
set with their longitudinal cut surfaces facing down-
ward and touching agar receiver blocks 4.5 mm wide.
Donor blocks were provided at the apical cut sur-
faces, and an air gap 1 mm wide was carefully main-

Table VI
Movement of IAA-C14 from Longitudinally Halved

Corn Coleoptile Sections into Laterally
Applied Agar Blocks.*

Counts per minute %
Receiver Tissue Donor recovery

Horizontal
Series

1 166 492 2190 90199
2 206 565 2100 92228
3 138 407 2410 93

177 I4 108 424 2720 100
133

5 122 375 2410 90
118

avg 319 453 2366 93

Vertical
Series

1 82 743 2220 93
2 822 78 628 2300 91

34533 258

7 530 2420 90

4 38 455 2720 96

362 490 2623 94
6 48 332 2538 8734

avg 101 530 2471 92

* Donors were halved, each half supplying a whole
assembly. Receivers were counted separately, but the
two halves of a donor and the corresponding tissue
lots were pooled. The cpm of agar samples have
been multiplied by a self-absorption factor of 1.14;
the cpm of tissue samples have been multiplied by a
self-absorption factor of 1.51. Each assembly con-
tained 20 halves from 10 corn coleoptile sections.
Diffusion time 150 min; concentration of auxin in
donor 3.3 X 10-6 M, corresponding to 3380 cpm;
counting efficiency 16 %; specific activity of the
auxin 16.9 c/mole.

tained between donors and receivers (see sketch in
table VI). The basal 0.5 mm of the sections ex-
tended past the edge of the receiver block. On each
receiver block rested the halves of five coleoptile sec-
tions, which together received auxin from half a
donor block. Horizontal and vertical assemblies
were, of course, produced in alternation. Contact
between tissue and agar was carefully checked at
the beginning and end of the 150 minute diffusion
period; all of the sections seemed to maintain- ex-
cellent contact and, when removed, left slight im-
pressions on the agar.

The data are presented in table VI. Although
there is some variation in the amounts of radioactivi-
ty found in the receivers, column one shows that
no receiver from a vertical assembly contained as
much auxin as did the least radioactive of the hori-
zontal ones. On the average three times as much
auxin moved into receiver blocks beneath horizontal
halves of coleoptile than into those on the sides of
vertical halves. In terms of the anmounts entering,
32 % of the label leaving the donors enteredl the
horizontal receivers, as contrasted to 11 % entering
the vertical receivers. This result gives very strong
support to the idea that IAA actually moves from the
upper to the lower half of the coleoptile.

Total Amounts of Auxin Transported in the Hori-
zontal and Vertical Positions: In itself the existence
of a gradient of auxin across the horizontal coleoptile
does not rigorously prove that IAA moved from the
upper to the lower side. Facilitation of polar trans-
port on the lower side of a horizontal coleoptile, for
example. could be proposed to explain the data.
Such an effect could not explain the results of table
V'I. Furthermore, it would mean that horizontal
coleoptile sections should transport more auxin in a
given time than vertical ones. For example, table
III shows that 70 units of auxin diffuse out of the
basal end of the lower half of the horizontal section
for every 30 units diffusing out of the upper half.
The total amount of auxin recovered in the receivers
is thus 100 units. Since the facilitation hypothesis
assumes that transport is unchanged in the upper
half, each side of a vertical section must transport
30 units; only 60 units should be transported in all.
Such large differences should be easily detected.

The amounts of transport in 165 minutes through
vertical and horizontal sections were therefore com-
pared directly. All experimental conditions were
the same as before, except that the sections and re-
ceivers were intact. Table VII shows no significant
difference in the amounts of C14 collected in these
experiments; a t-test by the group comparison meth-
od gave p=0.45. An analogous calculation elimi-
nates the possibility of significant hindrance of polar
transport on the upper side. These radioactivity
measurements with sections are in complete agree-
ment with the bioassays of Dolk (15) ancl of Gillespie
and Briggs (16) in wvhich no difference could be
detected between the amounts of endogenous auxin
entering receiver blocks from horizontal and vertical
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coleoptile tips. In Gillespie and Briggs' experiments,
it was also shown that if the tips were bisected in
the lhorizontal plane the auxin differential was eli-
minated completely. Thus the geotropic behavior of
the coleoptile is coordinated by the passage of some

substanlce fronm one side to the other. That this sub-
stance was not related to the synthesis of auxin was

clear, for Dolk had already shown that replacing the
tip of a horizontal coleoptile section, where auxin is
synthesized, with a donor block containing diffusate
from other tips did not interfere with the appearance

of a dlifferential when the applie(d auxin diffused out
into agar blocks at the upper an(d lower basal surfaces
of the section. It is apparent, therefore, both from
bioassay and radioassay, that auxin must decrease
in the upper half of the horizontal coleoptile to the
same extent that it increases in the lower half.

Growth Limitation by IAA: One other point
remains, it cannot be taken for granted that the
asynmmetry in auxin distribution leads to asymmetric

grow-tlh of the coleoptile. The response of corni
coleoptile sections to a range of concentrations of
appliedl auxin was therefore investigate(l. Follow-
ing the standlard preillumination with red light, the
plaints were dlecapitated and allowed to renmain under
(lin re(d light 2 lhours in or(ler to reduce the level
of their endlogenous auxin (7). Sections were then
cut ain(l set upright. capped indivilually wvith donor
blocks of one twelfth standard size, and(l measured

ith a traveling mlicroscope. After 3 ilmore hours
hadl passed. the sections were measure(d agaiin. In
figure 2 the per cent elongation is plotte(d against
the conceintr-ation of IAA applied. Within the range
studie(l, whiclh includes concentrations three times
that known to supply auxin in normal anmouInts, it is
clear that growth (loes increase substantially with
concentration. It nmay therefore be conclu(ded that
the asymmetry of auxin (listribution miiust (leci-ease
the grow-th rate of the upper half of the coleoptile
ain(l inicrease that of the lower half.

Table VII
Comparison of Net Polar Transport in Horizontal and Vertical Sectionis of Corn Coleoptiles.

Counts per minute
Donor

concentration Horizontal

receiver

2.6 am
(144 cpm)
Series la*

2.6 um

(144 cpm)
Series lb*

avg
avg recovery

46
46
49
48
49
39
52
38

30
43
35
30

42

tissue

26
26
30
23
31
19
31
22

16
23
19
22

24

donor

73
78
70
80
69
92
70
80

105

77
98
96

82
103

receiver

49
49
46
45;
43
35;
40

46

37

41
36
32

42

Vertical

tissue

23
33
23
23
19
23
19

. . .

17
21
16
13

23

donor

70
68
76
72
76
82
76
82

76
84
93
93

79
100 %

5.6 jAm 80 40 180 89 34 165
(366 cpm) 83 41 168 98 36 162
Series 2a** 83 43 159 94 35 154

79 52 158 89 37 156
79 55 172 79 34 170
71 41 171 75 34 170
84 36 166 76 35 182

5.6 /Am 76 35 174 68 25 172
(366 cpmil) 69 38 168 78 37 164
Series 2h** 68 38 180 65 32 172

67 ... 204
73 41 184 83 34 163

avg 76 43 171 79 34 170
avg recovery 95 % 93o,'

Specific activity of IAA was 0.95 c/mole, counting efficiency 16 C%C. Each number represents the cpmn corrected
by an appropriate self-absorption factor: 1.14 for agar, 1.50 for tissue. 12 sections/experiment.

* Series 1: Diffusion time 180 minutes; sections transporting about the same amount of auxin as transported out
of intact tips under similar conditions.

** Series 2: Diffusion time 165 minutes; sections transp)orting about twice as iucilh auxini as transporte(l mut of
intact tips unlder similar conditions.
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FIG. 2. The dependence of growth rate on auxin
concenitration. 2.5 X 10-6 M is the donor concentration
known to result in a normal amount of transport (cf.
fig 1). Each point represents measurements of 8 sec-

tions; a duplicate experiment produced very similar
results.

Asymmetric IAA Distribution in Hypocotyls of
Sunflower (Helianthus annuus): It was long ago
shown by bioassay that in dicotyledonous seedlings
placed horizontal an asymmetric distribution of en-
dogenous auxin similar to that in coleoptiles becomes
established (4, 13, 24, 30). Therefore, it was de-
sirable to extend the work with IAA-C14 to such a
seedling, and light-grown hypocotyls of Helianthuis
a-ininiis were selected. The upper part of the seed-
ling was discarded, the apical surface of the 6.5 mm
section being cut 2 mm below the point where the
cotyledons bulge out of the hypocotyl. The basal
ends of the sections were pressed onto a razor blade
(with the cotyledonary plane perpendicular to it) and
donor blocks, which contained 0.46, 1.3, or 2.3 X
10-6 M IAA-C14, were applied at the apical end.
Receiver blocks were similarly applied to the basal
cut surfaces on both sides of the razor, and the
assemblies were placed horizontal in small humid
chambers. The data are presented in table VIII.

It is evident that lateral auxin transport occurs in
sunflower hypocotyls as well as in coleoptiles. It
wvill be noted that at the lowest donor concentration,

le VIII
Asymmetric Distribution of IAA-C14 Diffusing out of Horizontal Sections of

Light-grown Sunflower Hypocotyls
Counts per minute % of transported

Donor radioactivity in
concentration Upper receiver Lower receiver Tissue Donor % recovery upper receiver

0.46 gum 29.9 47.5 415 376 92 38.8
(946 cpm)* 39.8 64.7 357 406 92 38.0
Series 1 56.4 76.6 440 386 101 42.4

29.5 37.2 431 430 98 44.3
35.4 47.4 453 424 101 42.7
48.0 68.1 489 401 106 41.4
18.8 28.1 362 468 93 40.0
36.4 51.0 479 380 100 41.7
40.9 50.8 443 415 100 44.6
26.4 41.5 417 488 103 39.0

avg 36.2 51.3 429 417 99 41.3

1.3 jM 134 172 806 714 94 43.4
(1942 cpmll)** 118 128 728 796 91 47.9
Series 2 104 122 816 911 101 46.0

105 122 725 996 100 46.4
87 133 697 1020 100 43.3

avg 110 135 754 887 97 45.4

2.3 /M 124 167 1460 2575 42.8
(3900 cplll)*** 146 183 1920 2240 44.5
Series 3 118 118 1870 2380 50.0

129 142 1830 2515 47.6
112 143 2100 1930 43.9
141 150 1750 1830 48.5
126 158 1895 2310 44.5
133 156 2040 2235 46.0

avg 129 152 1858 2252 46.0

Specific activity of IAA-C4 in each series was 16.9 c/mole. Diffusion time was 3 hours.
* Series 1: The cpm of agar samples have been multiplied by a self-absorption factor of 1.15; the cpDm of

tissue samples have been multiplied by a factor of 2.36. Each experimental unit contained 12 sections. Count-
ing efficiency was 34 %.

** Series 2: The agar correction factor was 1.07, while the tissue factor was 1.83. Each experimental unit con-
tained 13 sections. Counting efficiency was 25 %.

* Series 3: The agar correction factor was 1.11, while the tissue factor was 2.20. There were 12 sections per
assembly. Per cent recovery could not be computed, because of a couniter breakdown. The efficiency was
approximately 28 %.
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41.3 c/ of the transported auxin \\was found( on the
upper si(le, whereas at the two higher concentrations
the less striking values of 45.4 % and 46.0 % were
obtainedl. This suggests that the lateral transport
system is approaching saturation at these IAA levels.
If one compares the total anmounts of auxin being
transporte(l in the three series, it appears that. al-
though the retention of label by the tissue increases
linearly, the basipetal transport system is approach-
ing saturation. If the basipetal transport systen
w,ere nearly saturatedc, then, as discussed above for
the coleoptile, a decrease in the asymmetry w\ould
occur regardless of whether or not the lateral trans-
port system were approaching saturation. A bio-
assay of the endogenous auxin produce(d by intact
tips of the seedlings-that is, 6 nmm segments of hypo-
cotyl with apex and cotyledons attached-permitted
the calculation that, on the average, sections of series
1 were transporting half as imiuch IAA as w-ould be
transporte(l by an intact tip. Sections of series 9
and 3, on the other hand, wvere transporting two
times as much IAA. Thus the behavior of this tissue
is in principle sinlilar to that tlescribed in figure 1.

Conclusion

There are three aspects to the study of anly phys-

iological response to anl external stinmulus: the ini-
tial detector of the stimlulus, the ultimate effector
which causes the response, and the miechanisnm wx-hich
links theml. This paper is concel-lred with the second(l
of these, namely, the nature of the asvmnmetry \\which
leads to geotropic curvature. Specifically the qjues-
tion aske(d has been: (loes active auxin, at growth
controlling levels, become asyvmm ietrically dlistributed
in the tissue, and if so how is this brought about?
Such anl auxin asymimietry is experimientally showvn

to occuI, and is brought about by lateral mlovement
of the auxin. In this work, complications (lue to
possible changes in endogenous auxin prodluction
have been avoided by the use of exogenous IAA-C14,
radioactivity being the sole criterion of hormiione

dlistribution. Such1 changes dloubtless occur in cer-

tain instances, but in the tissues chosen for study
they are quantitatively negligible. Changes in con-

stituents other than auxin. such as ioIns or nwietabo-
lites, are of course not ruled out as causative. indle-
pendent or resultant events. But the lateral trans-
port of IAA here tlemionstratetl is probably the prin-
cipal cauise of the geotropic curvature of seedling
slhoots.

Summary

I. IAA-C14 a)pplie(l at the apical ends of hlorizonI-
tal 6.5 mm sections of the coleoptiles of corn (Zea
mzays) or oat (Aevena satizva) emlerges asymmetrical-
ly into receiver blocks at the basal ends.

II. In the case of corn, the ratio of the radio-
activity found in the upper and lower receiver blocks
was 30: 70.

III. A lateral auxin gradient is also deemonstra-
ble within the corn tissue itself, the ratio of radio-
activity in the upper and lower halves of the sections
being 40: 60.

IV. It is shown that the system transporting
radioactivity readily becomes saturated at auxin con-
centrations not far above the physiological level.

V. \Within a wide range of auxin concelntrations,
below the level of suclh saturation, the magnitudel
of the asymmetry (loes not (lepen(l on the amount of
auxin supplied, but at extremlely low auxin levels
the asYmmetry does increase significantly.

VI. \VhI1en halved corn coleoptile sections are
placel hlor-izontally, about three timles as nmuch radio-
activity emiierges into a receiver block in contact
wxith the longitudinal cut surface as when they are
placed vertically.

VII. Gravity has no appreciable effect on the
total amlount of radioactivity transported basipetally.

V!III. The growth of the coleoptile is limited by
IAA at the concentrations normally present. There-
fore. the asymmetric auxin (listribution mllust lead
to the observed upwardl curvature.

IX. Horizontal hypocotvls of sunfloN-er (Heli-
(ilthils annuits) are also capable of laterally redis-
tributing IAA-C'4. For a 6.5 mm section the ratio
of the radioactivity found in upper and lower receiver
blocks was 41: 59.

X. Lateral redistribution of IAA is the major
means by which see(dling shoots carry out their geo-
tropic curvature.
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