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Summnary. The transit of indole-3-acetic acid through 20-mm sections of corn
coleoptiles can be separated from processes involved in the uptake of auxin by the
section and the exit of auxin from the section. Aerobic sections are supplied with
an exogenous source of 14C IAA for a limited time, and after the source is removed,
a pulse of 14C IAA moves down at 12 to 15 mm/houir. After transfer to nitrogen,
movement of the ptulse at the aerobic rate persists for about 10 minutes; thereafter
drops to only 1 to 2 mm/houir and remains at this level during the next 4 hours.
Within 2 hours, 70 % of the total 14C in aerobic sections has moved 10 mm or more
down the section from the position of the initial peak, whereas after the same time
in nitrogen less than 10 % of the total 14C has moved as far.

During the migration down the coleoptile, the peak of radioactivity becomes
broader and less distinct. This dispersion is more rapid in aerobic than anaerobic
sections, but appears to be nonpolar and to occur along the existing concentration
gradients. Diffusion probably contributes to this dispersion.

In both inhibited and tuninhibited sections, the movement of the peak, in contrast
to its dispersion, is A) polar (downward) and B) independent of existing concen-
tration gradients. Thus transit within the section possesses the fundamental proper-
ties of the overall transport system. The reduced amotunt of transport in inhibited
sections is more likely maintained by glycolysis than by a low level of aerobic respira-
tion depetndent on the residuial oxygen in the tissule.

The tranisport of iindole-3-acetic acid in coleop-
tiles is of iinterest becatuse it possesses a high degree
of polarity and is independent of the prevailing
concentratioin gradienit (11, 12, 15, 16). In the past
this movement has tusuially been sttudie(d by suipplying
the atixin continuiouislyv to 1 ctit surface of the
coleoptile sectioni and recovering the IAA that
moves throuigh the sectioni into ain agar gel receiving
block. In this svstem, the overall transport neces-
sarily involves: A) uiptake from the (loior, B)
transit throuigh the sectioin, C') exit iinto the re-
ceiver. TIn this paper, trainsport refers to m )vement
which can niot he attribtuted to simple physical
means: uiptake refers to transfer from donor to
sectioni and shoulld not be asst-me(I to meani entry
inIto cells.

IUptake (4, 13) anid( exit (3) are kno-wn to l)e
inihibited bv anaerobic con(ditions, but 1)oth ineces-
sitate passage across iinjulred cells and may involve
processes w-hich are not characteristic of transport
throuigh the bulk of the tissuie. Stuidies of the
movement of applied atuxinl after it has entered
the sectiotn are lacking, although this transit shoulld
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be more comparable to the movement of endogenotus
atuxin than the overall transport from (lonor to
receiver. The effect of reduiced oxygen tensions
on the movement of endogenouis auxin has beeu
stul(lie(l in shoots of pine (1) and crab apple (9)
with conflicting results. To determine if the
transit of auixin in corn coleoptiles could be in-
hibited directly, the transit was separated from
both tuptake and exit by following the movement
of a ptulse of labeled atuxinl down the section. In
these experiments, movement of the ptulse is sharply
re(luce(l )-.- anaerobic conditions buit retuirns to the
normal aerobic rate onl rea(lmission of air (6).
Thuis aerol)ic metabolism is niecessary for transit
within the sectioni as well as uiptake and exit at
the ends of the section. This paper presents the
evidence that this transit is transport and that in
pre-timably anaerobic sections it canl not be totally
abolished.

Materials and Methods

Sections 20 mm long were cuit starting 3 mm
Il)elow the tip of etiolated 6 day old corn coleoptiles
(8). Each stuch section was supported vertically
with its basal end resting on a receiver block (16
ul) of 1.5 % agar gel alnd containing 2 % suicrose.
D)iri-ng the uiptake period, the apical enlds of each
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section wNere covered with similar agar blocks
containing 10 um '-'C carboxyl-labeled IAA (New
England Nuclear Corporation, 13.5 c/mole) plus
2 % sucrose. Following an uptake period of
either 15 or 30 minutes each radioactive donor was
replaced by a similar block containing unlabeled
1OuM IAA and 2 % sucrose. Fifteen minutes later,
the blocks were removed from 4 such sections and
the coleoptiles immediately subdivided. At the
same time, the sections that were to be stubjected
to an anaerobic period were also removed from
their blocks and transferred to 125 ml side-arm
flasks lined with damp paper toweling. In order
to remove air from the central hollow and tissues
of the coleoptiles the flasks were evacuated to 0.1
atm and released to No (prepurified, Matheson)
5 times in the course of 2 or 3 minuites. Paralleling
the sections in N., aerobic sections were evacuated
5 times anid released to room air. Since all sections
were subjected to the evacuation procedure, the
inhibition of movement in anaerobic ones can not
be attribtutedl to disruption of transport by the
sudden pressuire changes.

Followiilg the evacuation procedtures, the aerobic
sections were replaced in room air with their basal
stirfaces onl receiving blocks (containing 2 %
sucrose) for a fturther period of 5 mintutes to 4
hours. The sections in N9 were held for compar-
a,ble periods during which N2 passed first through
water and then the flask at abotut 250 cc per
mintute. Since atixin did not reach the base of
these sections, receivers were not supplied. Since
a finite time was requiired in N, before movement
was inihibited, concltsions about the rate of move-
ment, degree of polaritv, and (lirection of move-
ment with respect to the concentration gradient
were drawn only after an initial period in N2.
It is likely that the period in N.) before onset
of inhibition represents the time reqtuired to de-
plete the sections of 02. Ustually one-half hotur
was allowed for equiilibration buit periods as short
as 10 miuttes were stufficient in some experiments
(e.g. fig 2).

The sectionis were manipulated tunder ordinary
room illumination, btut during the periods of tuptake
and aLxin movement the chambers containing the
sectionis w!ere shielded from white light by black
cloths.

After the period of movement, each section was
subdivided by means of a mtilti-bladed cutter into
10 successi-ve 2-mm pieces. The methods uised to
determine radioactivity have already heen discuissed
(4). Each block and each 2 mm piece of section
were counted separately in Brav's scintillation sol-
vent. Counting efficiency in the liquid scintilla-
tioln sy-stem w;as approximately 80 %.

The total activity in sections pluis receivers
was eqtiated to utptake, and the activity in each
sample uwas expressed as a percent of the uiptake.
The peak of the radioactive putlse was estimated

to the nearest millimeter after various times, but
since the sections were only subdivided into 2 mm
pieces, the average rate of movement of the pulse
could not be determined very precisely.

Results

Reproducibility of Experiments. Figure 1 A,
D, E, and G, H, J illustrate the agreement be-
tween 2 different experiments. In another ex-
periment, 2 sets of duplicate sections were subjected
to the same regime, but they were handled sep-
arately in different chambers. Not only was the
peak activity found in the same piece, but the
percent of the uptake in any particular piece of
such replicate sets of sections usually varied by
considerably less than 10 %. This same level of
variation was also encountered between duplicates
in the same chamber.

Movemtent of a Pulse of 14C IAA in Aerobic
Coleoptiles. While the donor is present, 1'C in
the section declines nearly logarithmically with
distance from the source (7). This means that at
the time the donors are removed, the highest
activity in the section is adjacent to the cut surface.
Since the radioactivity in the sections does not
decline significantly after the '-C donors are re-
moved, (figs 1,2), destruction of IAA and loss
of '*CO2 do not contribute to the changes in dis-
tribution of 14C IAA. Within 15 minutes after
the 14C donor is removed a peak of radioactivity
accounting for about 50 to 60 % of the uptake
appears well below the cut surface (fig 1A). Its
downward movement at 12 mm/hour is readily
detected at intervals as short as 10 minutes (fig
1A-D).

By the end of an hour, some 7.7 % of 14C
has entered the receiver at the base of the section
(fig 11), and during the next hour the entry
into the receiver continues until it contains some
50 to 60 % of the uptake (fig 1E and J); a figure
which agrees well with the content of radioactivity
in the initial peak. With the exception of the
most basal and most apical portion of the section,
the 14C is now uniformly low throughout the sec-
tion; about 1.5 % per mm. The only change in
the next 2 hours is that the receiver begins to
eqtlilibrate with the basal portion of the section
(fig 1F). This effect has been previously noted
for sections of Avena coleoptiles (4, 5).

Movement of a Pulse of ' 4C Follozwing Shift
to Anaerobic Conditions. In the first experiments
at the end of one hour in N., the pulse had moved
less than 2 mm (6). This movement might rep-
resent either the continuation of aerobic movement
tuntil the section is fully equilibrated with the No
atmosphere or the existence of a sustained low rate
of anaerobic movement. To distinguish between
these 2 possibilities, the rate of movement of the
ptulse in sections in No was determined at variotus
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times (fig 2). The distribution of 14C IAA in
the section at the time of transfer to N9 is shown
in figure 2A. During the first 10 minutes of this
particular experiment, movement in N2 does con-
tinue at the aerobic rate of 12 mm/hour (fig
2B-D), but then during the next 20 minutes in
nitrogen the rate of movement drops sharply so
that the profile changes only slightly (fig 2E).
During the next few hours, the peak continues
to shift slowly (cf. fig 2E, F, G), and this indicates
that basipetal movement continues in N2.

Between 10 minutes and 4 hours after transfer
to N., (fig 2 and table I), the peak moves down-
ward at 1 to 2 mm/hour. Movement was not
detected in 2 of the experiments during a half
hotur interval (table I) because about an hour is
required to detect a significant movement.

The onset of inhibition was rapid. In the ex-
periment in figulre 2 it mulst begin between 10 and
20 minuites, but in others it occurred earlier (6).
The time before the onset of inhibition probably
reflects the time to deplete the sections of oxygen
and the product or products of aerobic respiration
that maintain the aerobic rate of transport.

In air, all the moving ]4C reaches the receiver
in 2 houlrs (fig 1E, J), but in N9. none reaches
the base of the section in this time. Even after
4 hours the '4C in the receiver is insignificant,
and the btulk of the ra(lioactivity is spread from
6 to 16 mm (fig 2G).

Table I. Average Rate of Movcment of Pldse of 14C
IAA in Sections in Nitrogcn

Expt

Time after transfer to nitrogen
1-2 hrs (a) 1-4 hrs (a)

/2-1 hr I/2-2 hrs (b) 24 hrs (b)
mm/hr

11-12 0.0
2-11 2.0
3-4 ...

5-6 1.0
5-2 0.0

Average 0.8

mm/hr
1.0 (a)
2.0 (a)
1.3 (b)

1.4

mm/hr

3.2 (b)
0.8 (a)
1.3 (a)
1.8

Discussion

C(hanqe in -S]zape of the Peak. The peak not
only moves dow7n the section, it also spreads ouit.
Althouigh this dlispersion is more rapid uinder aerobic
conditions (cf. fig 1, 2), equilibration of the moving
molectules with an immobile phase is apparently not
sufficient to accotunt for it. After the bulk of
the IAA has moved into the receiver, about
1.5 %/mm of the initial radioactivity remains. In
the first half hour, the peak in aerobic sections
shifted abouit 6 mm while the amounit of 14C in
the 3 pieces of the section with the highest activity
dropped from an initial 75 % to about 50 %. In
other words the amplitulde of the peak decreasedl
at a rate of abotut 4 %/mm or at nearly 2.8 times
the rate of immobilization.

In contrast to the downward migrationi, the dlis-
persion of the peak appears to be nonpolar andl
dowin the existing concentration gradients (fig 1).
Since almost all the auxin in the initial peak even-
tuallv appears in the receiver (fig 1) diffulsion of
atlxinl away from the moving stream or streams
followed by its later retturn to the transport coul(d
account for the dispersion of the peak as well as
the redtuction of radioactivity in the section to its
final low level.

Movemitenit of tile Putlse is Transport. The term
transport has been used loosely in the literatuire
on atuxinl movement; the appearance of atuxini in
receivers is often the sole evidence for transport.
The auxin (letected in receivers maw, uinder certain-i
conditions; e.g., short sections, high donor con-
centrations, or acropetal movement, have moved
throuigh the tissule at least in part by physical
meanls. Operatiolnally the transport canl usually be
dlistingulished from other types of movement be-
cauise it is A) polar, B) at least to some extenit
indepenident of the concentration gradient, C) rela-
tively rapid, and D) inhibited by variouis metabolic
inhibitors and specific transport inhibitors (11, 12).
The migration of a puilse of 14C IAA (low-ni cole-
optiles possesses these properties and canl rightly
be referred to as transport.

The M1oveinent uniider Anaerobic Conditions. In
earlier experimelnts with oat coleoptile sectiolns,

FIG. 1. (left). Movemenwt of a pulse of 14C IAA down aerobic coleoptiles. Parts A to F present data from 1
experiment; G to J for a separate but similar experiment. The donors containing 14C IAA were removed after 15
minutes and 15 miniutes later the sections in part A and G were subdivided. Section-s in part B to F and H to J were
treated similarly but subdivided after the indicated additional times in air. The hiistogranms give the percent of the
section's total uptake in each 2 mm piece and in the basal (B) and apical (A) receivers. The apical receiver wN-as
used only during the first 15 minutes after the radioactive source +-;as removed. The average total activity for each
group of sections is given. A, G, Average of 4 sections; others, average of 2 sections.

FIG. 2. (right). Movement of a pulse of 14C IAA in aerobic coleoptiles compared to that in coleoptiles transferred
to nitrogen. The radioactive donors were removed after 30 minutes and 17.5 minultes later, the sections in part A were
subdivided while those in part B, D to G were transferred to nitrogen for the indicateJi times and those in C were
left in air for anl additional 10 minutes before subdividing. A-F, average of 2 sections; G, 1 section.
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the overall trainsport from donor to receiver stopped
inder aniaerobic conditionis, anid the tuptake and
movement of IAA was nonpolar and apparently
by diffoLsion (4). In the present experiments,
movemeint of a pLulse of IAA wvithiii the anaerobic
sectioins is sharply inhibited but is not redtuced to
difftsioin. If the only movement w-ere by diffuision,
the '-C IAA from the initial peak wouild be ex-
pecte(l to move (down the existing conceintratioin
gradients (fig 2.A ) toward 1oth the apical and
basal end of the coleoptile. As a restult the peak
w ould become less (listiiuct buit not shift its positioi
alpprecia)ly. Inisteadl althouigh the peak broadens,
it contiilnes to move dowinward at ac nearly utniform
rate of 1 to 2 mm/houir for at least 4 houirs, an(d
almost no activity moves apically from the initial
positioIn of the peak (fig 2D-G). The movement
of the putlse in anaerobic coleoptiles cointiinuies to
lIe polar and(I iin(lepein(leint of the prevailinlg con-
cenltration grad(licit. .Although atlxiin tranIsport has
been inhibited, it has not been completely abolished.

Naqvi et al. (13) report that for corin cole-
optiles in either air or N., the acmotunt of auxin
tranisporte(l 10 Immlll in 2 houirs is proportiolnal to
the uptake acndl anmounts to abotut 30 to 40 % of
uptlake. These atuthors sutggest that anaerobic con-
(litioins affect the overall tranisport from (lolor to
receiv-ei- 1h directly iinhibiting the uiptake. The
present work Inot oIlyN (lemoInstrates direct inhibi-
tiOn of tranisport (listiinet fromIlptake (6) bult
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shows that the proportion moving at least 10 mm
beyond the initial positioII of the peak is signifi-
cantly redticedI in N. (fig 3). In N., about 5 %
moved 10 mm wtithin 2 houirs, as compared to 70 %
in air. The resuilts of Naqvi et al. ( 13) suiggest
that their coleoptiles w-ere not suifficiently anaerobic
to re(llice trainsport to the extenit observed here.

The movement of the pllse of ]4C in the present
experimeints is nmore comparable to the movement
of en(logenotus auxin than is the overall transport.
N\Vhile basipetal movement of enidogenouls auixin was
uinaffected when sectioins of pine stems were placed
ill N (1), it was markedly reduiced whein stems
of crab apple wvere tranisferre(d to atmospheres
cointaininiig 5 % or less O., (9). Either the pine
tissues wvere not completely equilibrated writh the
anaerol)ic atmosphere or- thex have the ability, in-
like corni coleoptiles aind cral) apple shoots, to
mainltaini inormal auxin tranlsit ilIl(ler low (., teni-
sion s.

Silnce the overall transport in oat coleoptiles is
abolished bY anlaerobic coniditionis (4), it is ap-
parently more affected thani the tranIlsit (lown pre-
slimailvl anaerobic corni coleoptiles. This ind(licates
either that A) transport is conmpletely abolished
ill oats 1)but niot cornl or B) that processes at the
cutt suirface are inhibited even more thani sulbsequent
transport down the sectioni. In suipport of the
latter I)ossil)ilit\ is the report (1) that the overall
trainsport fIrom donior to receiver throtuglh piiie
sectioIns is imiore affected b)y anaerol)ic coin(litionls
than is the tranisfer of elldogeniouls auxin inito re-
ceivers.

Christie and Leopol(l (2, 3) working wTith corni
coleoptiles report that celluilar uptake is not as

easily inihibited as the exit of AXA from sectionis.
They suiggest that active seciretioin throulghi the
basal membranle of cells is inhibited. It nmuist be
po!ilte(l ouit, how\ ever, that their experimental pro-
ce(llire would nlot discriminiiate betweeni a site of
inihibitioll at the basal meinibranie an(l olne (luring
passage through the cell protoplast. \Ve m-lay both
be dealliig wvith the samIie pheiolmlemioi), and the
cellnflar site of the inihibitioll is nlot vet clear.

Iii 0111' expervimenits, somlie transit persists ill

coleoptiles in N_. T\o possibilities exist to explain
this tranisport: eithe- A ) eniouigh 0,, remaills ill
the system to suipport transport at the re(duicedI rate
for as lolng as 4 houlrs or else B) glycolysis canl
sulpply the energy for the imch redluce(d tranisport.
At presenit there are iuo firm grouniids for choosinig
betweeni these 2 alterniatives, however, the fact that
the rate of movemenit ill N., remains abouit the
same (duirinig 4 hours, wvhereas the available ).,
mulst conitillute to (lecr-ease favors the latter ilnter-
pretationi. Fuirthernmore, gro th is reversibly abol-
ishe(d 1)b alnaerobic cond(litionis ( 10, 14), and( in the
presenit experimenits, the cornl coleoptiles duiring the
4 bolrn pt-riod ill N., lnot onfly failed to grow buit
even (lecreased inl lenigth by I to 2 mm. Tin terms
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of growth, these corni coleoptiles certainly behave
as thotugh they- are anaerobic.

Althoutgh the average rate of downward move-
menit of the peak can not be determined very
precisely (6), it is uistually 12 to 15 mm/hour in
air but only 1 to 2 mm/hour in No. The ratio
of the milimium anaerobic to maximum aerobic
rate (I: 15) thlts approaches the expected ratio
of ATP prodtuction (assuming glucose metabolism
by the Embden-AMeyerhof pathway) of glycolysis
to aerobic metabolism.

To sunmmarize, 3 observations lend suipport to
the sutggestion that the energy necessary for trans-
port in the inhibited sections is derived from gly-
col ysis. A) The rate of movement does not decline
fuirther duiring 4 houirs in N, B) growth but not
dowinw-ard movement is totally inhibited, and C)
the ainticipated reduiction in the rate of ATP pro-
duiction is approximately proportional to the maxi-
mtum redtuction in the rate of movement. Since
polar movement continuies within presumably an-
aerobic coleoptiles, the previous definition of trans-
port as the component of basipetal movement that
reqtuires oxidative metal)olism is probably too re-
strictive. In any case, regardless of the metabolic
sequieInces involved, tranisport reqtlires expendititre
of enlergy by the living system.
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