
Plant Physiol. (1967) 42, 831-839

Dependence of Basipetal Polar Transport
of Auxin Upon Aerobic Metabolism'

Malcolm B. Wilkins and Mary Martin
School of Biological Sciences, University of East Anglia, Norwich, NOR. 77H. Great Britain

Received January 6, 1967.

Suiiiiiwiiiry. The movement of IAA-14C through coleoptile segments of Avean and
Zca has been investigated under aerobic and anaerobic conditions. The results are
as follows: Zea. Using a 5-mm segment and a 2-hour transport period anlaerobic
conditions reduced the total uptake of 14C from an apical donor by 74 % and the
proportion of the total found in the receiving block by at least 45 %. Anaerobic
conditions reduced total uptake from a basal donor by 58 % but no 14C reached the
apical receiving block in either air or N2. Uptake from apical and basal donor blockks
in N'.. is closely similar.

The presence of 14C in the basal receiving blocks, and its absence in the apical
receiving blocks, in 'N, suggests that even in anaerobic conditions movement of IAA
is polarized basipetally, although the movement occurs at only a fraction of the rate
foutnd in air.

Anaerobic conditions induced a similar reduction in basipetal movemient of IAA
nin upper and lower 5-mm segments taken from the apical 10 mm of a Zea coleoptile.

Using 10-mm Zea segments no 14C was recovered in the receiving blocks at the
basal end of the segment after 2 and 4 hours in No whereas large amounts were
recovered in air.

Avena: Using 5-mm segments and a 2-hour transport period the total uptake of
'C from an api,cal donor is reduced by 83 %. Movement of 14C into the basal donor
:s totally inhibited in N.. Total tuptake of '4C from a basal donor is reduced by
61 % in nitrogen and no 14C reached the apical receiving blocks regardless of the
atmospheric conditions.

A t:me course for the movement of 14C into the basal and apical receiving blocks
throuigh 5-mm segments showed that in air the amount in the basal receivers increased
for 4 hours and then remained approximately uniform. In N2 no significant 14C
reached the receivers until 6 to 8 hou,rs after the application of donors but even then
the amounts were about 12 to 14 % of that in aerobic receivers. Movement of 14C
into apical receivers was similar in air and in nitrogen and even after 6 to 8 hours
the amolint of radioactivity barely reached significant level's.

The extent to which the polarity of auxin trans-
port in shooits depends upon aerobic metabolism
hias been the stubject of several investigations in
which metabolic inhibitors and anaerobic conditions
have been used. Inhibitors of metabolism such as
DNP, KCN, -NaN, and indoacetate have been shown
generally to reduce the ra.te of basipetal transport
of auixin ( 16, 18). On the other hand, exposure of
tissues to low partial presstures of O2 have yielded
very conflicting results. It is reported., for ex-
ample, that movement of natural auxin through
woody shoots of apple is reduced by 95 % in
atmospheres containing less than 5 % O.2 (12) and
th,at auxiin movement is tunaffected when pine stem
sections are placed in N., (4). In experiments

1 Tlhroughout this research project Mary Martin held
a Science Research Council Postgraduate Studentship.

with Zea wiiays coleoptiles, Hertel aindl Leopold (13)
found that the amount of labelled IAA passing
through a 5-mm segment is reduced by 66 % in an
atmosphere of No, whereas Naqvi, Dedol'ph, and
Gordon (15) used 10-mm segments and concluided
that the rate of basipetal trancport of labelled IAA
is the same under aerobic and anaerobic conditions.
Goldsmith (5) has found the basipetal transport
of labelled IAA through 10-mm segments of Avena
sativa coleoptiles to be totally inhibited un(ler an-
aerobic conditions.

Recently, in experiments conducted simtultane-
ously with those reported in this paper, Gold-simith
(6, 7) fot,nd the rate of basipetal transport of
IAA in Zea coleoptile sections to be about 15 mm
hour -1 in air and abotut 2 mm houir-I in N-. Even
tunder anaerobic conditions the slow movement of
IAA appears to be polarized basipetally and inde-
pendent of concentration gradients.
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B3oth the reported rate of hasipetal trainsport of
IAA in air acnd( the amouint of IAA trailsporte,d per
unit time appear to l)e too great to be accotinted
for in terms of simple diffus:on. In adcdition, it is
(liffictilt to imagine how either the movement of
auixin inito the receiving block against a concentra-
tioni gradient, or the polar niatuire of the movement,
can be achiev,ed without the utilization of metabolic
energy. Because of these (:Lff.cukies alndl the co:-
tra(lictory niatture of the resi-Its in the recent litera-
tuire, we have reinvestigated the (lepend(lence uipoln
aerobic metaluoliSm o f las:petal and acropetal move-
ment of IAA in coleoptiles of both Zea an(d Azemi-,
paying particuilar attention to the length of the
segmenit employe(l an(I to the exclasioni of O., from
the atnmosphere surrounding the tissule and the in-
ter-cellullar- -paces within the tisistle.

Materials and Methods

Plant .lfatcrials. Seedls of Arena sativa L. var.
Svalof Victory I (huiske(l) an(l Zea nzi(avs L. v-ar.
Gliant Horse Tooth were soake(d in distilleol water
for 3 houirs andI then sown in washed, moist ver-
mictilite. The seecdlings wN-ere grown in total (lark-
iness at 2;°. rhe Avena see(lliings were harvested
after 5 (lays when the coleoptiles and(I mesocotyls
were respectively 30 to 40 mm and 45 to ;,; mm in
lenigth. The Zeai see(llinigs were harv-ested after
6 day-s.

Jidole-_-Acctic Acid. The movement of IAA
in the coleoptile sections wa<s followed 1 Ils n-g
carhoxxl labellcdl IA-14C of pecific activity 32.1
c/mole (U.K. Atomic Energy-lAuthority, Anmer-
shani, Berks, U.K.). The manufacturer's anialysis
of this material indicated a purity greater than
98 %. Chromatograph ic anitoradliographic anal ysis
of the s.ock solution at the eil(l of these experiments
revealed 2 radiocactive spots: a major spot having
the same Rj, as a puire sample of twice re-cry stal-
lizedI fA.A (Light and( Co., U.K.) anid( a minor spot
having a slightly lo-wer RF than IAA. Althouigh
this impurity is obviouisly undesirable, it does not
affect the validity ant(I coincluisions of this study
since AMiss Bridget Parkes has recently showin by
chromatographic auitora(liographic anlalysis ill this
laboratory that even wx-hen the slightly impuire
radioactiv,e IAA solutioni is applied in agar blocks
to the apic.al endl of coleoptile sectionis, IAA is the
only radioactixe molecule to emerge into a receiving
block at the basal end(l. The mov-ement of radio-
activity into the receiving blocks is thus a truie
reflection of the mov-ement of 1AA.

The IAA xwas applied to the coleoptile sections
at a stant(lard concenltrationi of ; pr in blocks of
2 % agar, an( was collectedl in receiver blocks of
plaini 2 % agar in contact with the opposite ends
of the sectionis. T;he blocks Nx ere preparedl from
'l)ifco" Bacto-agar and(I distilled w-ater.
A411(aerbiCblcAtnosphere. The niost critical part

of this investigation was to achiev-e strictly%Ianaero-

bic conditions in the tisstie and then to apply the
clonor blocks to the tissule withoult the strictness of
these conditions being impaired. These problems
were overcome by coiistructing a tranisparelnt perspex
chamber which could be repeatedly evacuiated an(I
fluished with N., after the tissuie anlel the tionor and
receiving blocks had beeni placed insidle. When
anaerobic conditions hadl been attaiine(l the tissleC
co-ldd be brought into contact with the donor blocks
contailnng the IAA withotit reopeniing the chamber.
The (lesign of the chamber is shown in figiure 1.

FIG. 1. Vertical sectioIn tbrougb chamber use I to
achieve aiiaerobic conditions in the tissuies. For explan-
ationi see text.

It comprises 2 hollow cylin(lers (A andI B ) each
closecl at one en(l. The opeli ends of the cyll:nlers
fit together to form a gas-tight joinlt on1 a ru)bber
o-ring. In the tlpper half there is a closelx fIttingl
piston (C) having a device to prevent its rotaton
while being raised and lowered. Raising and(I low-
ering of the pistonl is achieved by turning th -cre\x
(1) which is free to rotate in the top of the p ston.
WNrhen fullyI raise(d the piston makes a gas-tight seal
wvith the top of the cylinder by compress'n-1 the
rubber O-ring (I In the buottom half ,f the
ch,amber (B) 2 plastic tubes (G an Il FI ) are f tte(d
to facilitate evacuiation and fluishinlg of the chamh2r.
When the chamber was cloksed by icrexvillg together
the 2 halves (A and B) with scre-\v ( K) it was
completely gas tight and( wvould hol(l a par iAa
vacuutim (33 cm of Hg, the maxImumnapplied) for
several hours. The arrangemenit of the chamber in
relationi to the 'N., stupply, which was hlmld-I.fied to
prevent lrying ouit of the sectionis, and to the
-acuutim puimp and( mnianometer, is showxn ill fi2ur 2.

In all cases O.-free 'N., or argon ( 'ritilsh ( x g-
Co.) from commercial taniks wvas uise(d to fluish the
chamber. The 2 gases iel(le(d closelI m:u1 Ilar
resuilts.

IExprinicintal Proccdurc. Sectionis 5mm aol
10 mm in length vere excise( nImiii below the ap' x
of the coleoptile froni which the primary leaf had
previously been removed. The sectioIns wvere pie-
paretl an(l the experimenits conlu'!Xted at 25' Ilil(ler
continuous (linl re(d irradiation in the spectral baid
from 620 nm to 700 nm with pl ak irraltlat:ow at
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FIG. 2. Arrangement of the plant chamber (I) in
the gas flow system used to acllieve aniaerobic conditionis
in tlhe tissues. A) 'Nitrogen tanlk; B, C ) huimidifiers;
D) constant I-ead pressure zlfd safety device; E) wrater
trap; F) pressure regulating valve; G) tap; H) man-
ometer; I) plalit chanmber; J) tap); K) CO., trap con1-
taininga KOH; anid I) v-acuum i)unlp.

660 nm. The radiant fluix at the level of the plants.
measuiredI Xwith a Kipp-Zonen Thermopile and(I a

Hewlett-Packard D.C. Nutill Voltmeter (Mlodel
419A), was 128 ergs cm-' sec . No significant
difference c3tild be detectedl between the amouints
of IAA transported throuigh sectioins kept tiln(ler
continuous red light and those prepared uinder red

light (20-mmii exposuire) and( kept in (larkniess duir-

ing the 1-lhour flushing period and the 2-h)our period
of trainport. However, this finding shouild not be

interprete(d as indicating that the latter coleoptiles
tranport IAA at the same rate as those which
have never been expose(d to recl light.

Twenty sections were uised in each expqr`ment,
10 being placed in anaerobic conditions in the
chamber previoulsly descr1bcd and 10 in a norimal
aerobic atmosphere in an identical chamber. Three
receiving blocks each 3 X 19 X 1 mm in (limen-
SiOIs ere placed on the suirface of the p.st,on of
each chamber (fig 1, E). A batch of 5 coleoptile
segmeints wXas p'aced oIn 2 of the receiving blocks
(fig 1, D), the one batch having their apical ends,
and the oLher batch their basal en(Is in contact with
the block. The third receiving block was not plac0d
in contact with any tissuie andcl serve(d merely as a

check for possible contamination of the rec2iv:ng
blocks fr2m the atmosphere within the chiamber.
The radioactivity of this block at the encd of the
transport periocl never excee(led the normal back-
grotii(l count.

The donior block of dimeisioins 13.5 X 19 X I
mm was placecl on an inverted planchet on the floor
of the chamber (fig 1, F). The piston was raised
to its maxim1um height and the chamber was then
closed: the sections remained suspended from the
receivers and were not in contact with the (lonor

block. The effect on IAA trainsport of both length
of flu.shing time and nutmber of evacuiations has
been investigated. Fluishing times of 1 to 3 houirs
were examinedl, in each case the chamber was

evacuated and refilled with N., 3 or 6 times during
the first half-houir of the flushing period. No
significant (lifference could be fouind in the ra(lio-
activity in the sections and in the receivers with

these various procedures. A 1-hour flulshing p?riod
and three successive evactuations thus appeared to
remove all traces of O., from the tisstue. The
following standlard procedutre was therefore adopted:
1 of the chambers was fluished with N. for 1 houir
and duiring the first half-hour of this fltushing
period the chamber was evacuiated to 33 cm of
merctury and refilled with O,-free N2, 6 times at
5-minuite intervals. At the end of the I-hotur flush-
ing period the piston was loweredI by adjuisting the
screw (J, fig 1) to bring the sections into contact
with the donor blocks. Nitrogen contintued to flow
throuigh the chamber dturing the transport periodl.
The sectionis in normal air were allowed to remain
suspended from the receiving blocks for 1 houir
before being lowered onl to the donor block. Gold-
smith (6) has sh!own that seqtuential partial evactua-
tion of sections h;as no effect on the ability of the
tissuies to transport IAA.

At the end of the tralnsport period the chambers
were opened and the receiving blocks placed on
separate planchets. The donor block was bisected
anid each half placed oil a separate plalnchet. These
planchets were then stored in darkness at -200
until they w-ere prepared for couiiitiing. The sections
were divided inito upper and lower halves and stored
uinder the same condlitions as the blocks uintil they
were prepared for counting.

Prepartationz of il[otcri(ll for Counitting. The pro-
cedulres were similar to those uise(I by Goldsmith
(5, 6, 8). The aluiminuim plainchets were boiled in
1 % KOH for 3 minuttes, washedl in (listilled wrater
aind dried. The agar blocks were prepare(d for
couniting b)y adding a drop of distilledI water to the
planchet which was then gently warme(d on an
electric hctplate. The molten agar was spread
evenly over the planchet with a neeclle and then
dried.

The plant sections were dried in an oven at 800
for 1 houir. The 5) apical or basal half sections in
a particuilar treatment were pooled and grouind
tegether in 0.5 ml of chloroform. The suspension
was then transferred oniantitatively to a planchet
and the chl!oroform evapDrated. One drop of dis-
tilled water was then added and the grouind plant
material spreadl evenly over the suirface of the
planchet which was then dried on a hotplate.

S( tmlple Coutnting. Radioactivity was countedl
with a thin window, low background, Nuiclear-
Chicago gas flow counter (Model C1i15; Scaler
Model 8703) in which sample changing was auito-
matic. The backgrotund cotunt of this instruiment
was consistently between 2 and 3 cpm. Samples
were couinted for either 2000 coulnts or 60 minuites.
Self absorption by the plant material was estimated
by the method of Goldsmith and Thimann (8) and
the rad,ioactivity data in this paper are g:ven in
cpm per section corrected for both backgroutnd and
self absorption.

Each experiment was carried ouit at least twice.
In cases where sufficient data are available standard
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errors are shown, and(I in other cases the numl)er oI wvhich the active basipetal tranlsport is reduced
indlividuial experiments contribliting to the mean uin(ler anoxic coid(litions since some radlioactilvits
(lata in the figures is stated. might reach the receiving block uinder anaerobhc

colnditionis by simple dliffusion. If this is so the
Results percent redutctioin in anaerobic coin(litions will de-

pel(cl uipon1 the traimport perio(d an,d the lenigth of
.llo7c;nent of IAA Thromyh Zea Coleoptiles sectioni. The actual (lecrease in the active lasi-

Dor^inlq al 2 Hour1 Pcriod1. The lbasipetall alndl acro- petal trant-lport of IAA throuigh these 5-inmi sections
petal nmovement of TAX throuigh a 5-mm segment nlist thers l)e at least 45 % and my e much
of Zca coleoptile was investigated iin(ler aerobic greater.
anlle anaerobic conditions. The amouniits of 14C \When sections are sulpplie(l with (loInor- blocks
found in the upper ani(d lower ialva-es of the coleop- at their hasal end(s (fig 4) the total radlioactivitv
tile segmiients anId in the receiving blociks are shown takeni tip inito the sectioins and(1 receivers is 10() cpm;
in figures 3 and 4, in which the (lata are the means in air and 46 cpt in anaerobic conditi us. Uptake
of 16 and 14 indlependent experimeints respectively. is thiis re(duiced by 58 %. Uni(ler anacerobc coin,di-
WVhen the dlonor is applie(l at the apical end(I of the tiOnS the total radioactivit taken up from the
sectionl (fig 3) the tctal lC foundl in the tissue a(ld donor is the same regardless of whether the (lonorsectio (fblock3A)1/tt pancp eraclrolnicCOtlheitsOneS is applie(d at the apical or ba?sial end( of the slevlient.andlv b457 cpm u1ndier ainalerobicconiitions. Uptake of fI air, onl the other hand, the uptake fromii a ha.al
ra(lioactivity from aln apical (lonor is thuis re(duice(d donr is nly 6r3 % of thclt from atn dpicsrL tonofe.by 74 % iund(ler- anaerobic cond:tioni. Of the total Under anaerobic conditions the (listriblttiot of
ra(lioactivity takeni tip by the segnments, 17 % xvas '4C in the section and( receiver is somewha,t bt nOt
found in the receivin- l)locks uinder aerobic con- exactl similar when the donor is applied at the
(itions but oly9ulv % tind(ler anaerobic cond(litionls. apical and(I hasal end(Is. The half sectioIn iixexl to
Since radi'-c vtivity in the receiving bl,ock is coIn- the (lonior contains abouit 30 to 40 cpmll, the fuirth-r
finedl to the lAV moleculle these (lalta s how thatt half sectionl about 4 to 8 cpm and the receiving
ulnder anterobic co itions notonlyt iS the hptake )lock 0 to 4 cpni. The similarity in acropetal anl i
of 1 AA redlticedl bV 74 % hut the amotilmt of lAA lbasipetal movement ac jud(Ige(d from the distribution
moving throu1gh the sectionl inlto the receiving b-lock of 14C in the segments andcl receivers after a 2-houlr
is re(liice(l by! opproximatelx 45 %. trans-port perio(d iiin(ler anaerobic cond(litiolns stronglysuiggests that the movement is (Iiie principally toThe amounts of IAA reaching the receIiiving14

hsoCks iiiicler acroh)ic andl anlaerobic c-(litiois lo (liffilsioii. Nevertheless, the amnoulnit of 'c in the
not necessarily ggive a trite pictuire of the extent to i-eceeiver blocks of sectionis having an aIpical donor

wao sugnceuchSiilifictv Iigiler thian1 that in thle' receiver
blocks of sectioins having a basal donor. Mloreover.

/00oo t A s 3 ; W 43 there appears to lie slightly niore '-C in th halfK.~ /00 4 section next to the loinor anld less in the half sectionI
fillrthe.,t froml the donor when the (loilor is suipplied80 |at the basal enid( of the sectionl thain -when it is

60 applied at the apical end(l.
These facts suggest that even iini(ler anaeroliic

40 cond(lit on s the movement of IAA basipetallx \hle
occurring at only a fractioni of the rate olbserved ill20 aerobic coinditioins, is slightly- greater than acropetal

R Oq= - i, movement. It is possible that in tiss;ues deprived
A B R B A R of (.) juist enouigh eniergy isi ma(le availalble by-

anaerobic metabolism to enhanice slightly tl e rate. 3. Baslipetal movemenlt of IXA inl 5-mml Zc of lbasipetal movement of I \ -\ ahove the rate
coleoptile segmenits zifter 2 hlouirs in air (w lute columnis)
ali(l in anaerobic coliditioins (black columni<is). Radioac- Uller from cliffsionl alonte.tivity oii a per sectioii basis is giv-en for the apical ( A) N4 Under aerobic con(aitioils the total amn63t iofalnd hasal (B) half of the section and for the receiver C taken up from a liasal donor is oly 03% of
R) as in(licated in the iniset di..,gram. Donior lilock that taken lip from an1 apical (10nor. Ml oreover,

shaded. Vertical line at the tol) of eaclh colunim the distribiution of radioactivity wvithin the sectiols
shows the standard error of the mie'mi. Data shown are andI receivers is quite (lifferenit. There is the sanme
the meani of 16 individuial experiments. amouint of ra(dioactivity in the half section nlext to

FIG. 4. AcroIetal movement of IAA in 5-mm Za the (donor regardless of w\hether the donar is ap-coleoptile segment.s after 2 houirs in air (white colunslls)
and in anaerobic conditions (black coluimns). Arrange- pfleuh to the apictal orbasn l erl. In contra.et,tha
meuit of donor is shownin in the inset diagram. Dat. further half sectioiJ aid the receiver lock have a
shownIl are the mean (if 14 individual exp)eriments and large amount of radioactivity with apical dionors
the vertical line at the top of eaclh column sho-ws the btlittle or none with basal lonors. These facts
stanclard error of the mean. Notation as in figuire 3. suggest that cells at the apical and h;.<d end of
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the segment have an eqtual capacity to take up
JAA. The basipetal transport of the IAA away
from the apical half of the segment most probably
accounts for the greater total uptake of 14C by
sections supplied with apical donors. This point is
discussed fuirther in relation to the Avena data.

Movemtent of [AA 7Throuighi 5-imm, Segments
Taken Fromii Differentt Regionts of Zea Coleoptiles.
The basipetal movement of 14C was compared in
,-mm segments taken I mm below the apex (uipper
segment) and 6 mm below the apex (lower seg-
ment) of Zea coleoptiles uinder both aerobic and
anaerobic conditions. The resuilts are shown in
figures 5 and 6 in which the data arc the means of
3 independent experiments.

For the tipper and lower segments in air, both
the total amouniilts of 14C taken tip into the section
and receiving blocks (119 cpm and 109 cpm re-
spectively), and the amounts recovered in the
receiving blocks (18.5 % and 23 % of the total
taken tip respectively) were closely similar. How-
ever, the amouint of 14(C in the apical half of the
tipper 5-mm segmenit was more than the amount in
the apical half of the lower segmuent, an(l the amount
in the lbasal half of the uip,per segment was less
than that in the basal half of the lower segment.
Since the total 14C in the uipper and lower segments
is closely similar, it appears that the cells in the
apical half of the uipper segment retain more 14C
than those of the aplcal half of the lower segment.
Movement of 14C taken uip apically towards the
has,al end of the segment seems to occuir more

readily in the lower segment in air.
Under anaerobic conditions the total 14 taken

up from donors is 41 cpm for the uipper segment
and 40 cpm for the lower segment. This corre-

sponds to reductions of 65 % and 56 % of the
amotints taken tip in air resp2ctively. Of the total
amounts taken up tunder anaerobic conditions, the
amounits of 14C recovered fromii the receiving, blocks
of the tipper and lower segmenits are 6.2 % and
5.1 % respectively (cf. 18.5 % and 23 % respectively
in air).

ci
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A B R A R

FIG. 5 and 6. Basipetal movement of labelled IAA
in 5-mm segments taken 1 mm (fig 5) and 6 mm (fig 6)
below the tip of Zea coleoptiles after 2 hours in air

(white column) and in anaerobic conditions (black col-
umn). Mean of 3 independent experiments. Arrange-
ment of donor blocks (shaded) and sections is shown in
the inset diagrams. Nota.tion as in figure 3.

Thtus in the uipper and lower segments anaerobic
conditions lead to a closely similar redtiction both
in uiptake of TAA-14C from the donor and in the
amotints moving basipetally into the receiving
blocks. On the basis of these results it N-otild be
predictel that tinder anaerobic conditions no sig-
nificant 14C wouild reach the receiving block in a
2-hotir transport period when a 10-mm segment is
used. This prediction has been tested experimen-
tally.

/2 7

0

/02

~z2

0 2 4
TIME IN HOURS.

FIG. 7. Time course for the basiPetal moovemenit of
labelled IAA into the receiving block at the basal end
of a 10-mm Zca coleoptile segment in air (-0-C-)
and in anaerobic conditions (-*-*-). Each point is
the mean of 5 coleoptiles, the data being expressed on1 a

per coleoptile basis.

Transport Through a o0-nmni Scgmient of Zea

Coleoptile. The amotints of 1HC reaching the re-

ceiving block at the basal end of a 10-mm segment
taken 1 mm below the apex of a Zea coleoptile has
been determined after transport periods of 2 and 4
hotirs in both aerobic and anaerobic conditions
(fig 7). No significant 14C was found in receivers
tinder anaerobic coiiditions after 2 or 4 hours
whereas consiiderable amotints of 14C occurre-d in

receivers under aerobic conditions.
The movement of TAA into receiving blocks at

the basal ends of 10-mim Zeaz coleoptile segments is
therefore totally inhibited dtiring 2 and 4 hour
transport periods tinder anaerobic coonditions. This
finding confirms the prediction miade oIn the basis

of the data in the previous section.

-UPPER 5-mm SEGMENT LOWER 5-mm SEGMENT.

- 7~~~576-
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FI(G. 8 and 9. Basipetal ( fig, 8) 1and acropetal (fi'g 9)
imlox emilenit of labelled IAA iI -mm seg-ments of Avcna
coleol)tiles a fter 2 lhonirs in air (xxlbite colniiniiis) and mi
anaerobic cond(litionis (black colunmins). Arraoigement of
(lonio-r blocks anlel sectionls is sboxwn in tile inset dlia,graimis.
Notation as in figure 3. Data iresented are tile imea
of 3 in lix dual experiments.

.lIo7vincnet of IA.1 TbPirou/h Avena Cole )Ptile
Siev1inilits Du ri7lif 2-o-iJO IPriod. The lbas.'p0tal
anIIl(I acropetal movement of IAA throuigh 5-mm
seg-icIlts of Az'vna coleolptiles xas (leterminilie(i illn(ier
aerol)ic alndl anaerohic con(litiolis. The amotlnits of
"' in the apical and baF al halves of the segmenits
and in thC receiving 1/locks are sIlown in figuires
8 a lI 9.

In sections snipplie(l wvith apical (donIor1s the total
I C in the sectiolns and receivin- blockV xva,- redticed
froml 52 cpm in air to)9 cpi in anaerol)bc conlditiolns,

red(lilctionI of 83 %C ('f the total 14C taken nip
from the (lonor, 22.4 % xas found in thlc r-ece-iilvg
L1lock in air and nlonle in the recelxilng1/locks 11nd(ler
anaerol/ic con(litionis. There is ther-efore a total
inhil)ition of fAA movement inlto receixing blocks
at the l/a)al en(Iof 5-mm segments of Aven/i coleop-
tiles which are (leprived of oxygen di iring the
2-houir trallsport perio(l.

\When sectionls xere stipplie(d with dolon)rs at the
blasal end(I the total radioactivity takeil tip fr-omii the
(lol/oi- xsxi( 34 cpn ill air anl 13 cptin in aa
re(lulct oni of 61 %. ll ar-, closely smlar amn'mnlts
of IC xcre fouind(l in thc half sectioln: next to the
lonor regardiless of wxhether the /lonor wai at the
/asal or apical end, huit little or nio it4Cmoved into
the fuirther half sectionl all/i receiver ill sectionis
xvith a blasal (/ollor (fig 9). This polarity of move-
nlelit prolbal)ly accoillits for the (lecrease(d total uip-
take (66 %) frolm basal donors in air. The half-
sectioll nlext to the (loinor appears to have the
cap:acitv to take ulp a limite(l amoliit of IAkA all(I
xx hell this Nxmit is reache(d fuirther uiptake from the
(loinor (lepeI1ls tipoll the trailsportatioll of 1 AA
froill this zolle, a phellomenonoi hich occilrs only
xxhell the (ollors ar-e at the apical eildl of the seg-
nlent. This sitilatioll in Aven4l/ is almost i(lelitical
wxith that fot il(i in Ze/I (figs 3 alli( 4).

ULiTler allaerobic colil(litiolis the total anotilnts of
1'C takeni from apical and hlasal /lonlors in Zca
were identical. Ill A7'C11(1 (li(ier allaerol)ic coi1-
tioins the amolnilt taken nip froil an apical /onor
xwas allo/lt 33 % less thall that frol a ilasal olln hut
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the actuial difference ill the total nltlmber of counts
takeil tip from the apical alld l)asal (lollors xvas oilly
4 cpm. Siice the Avlenla (1ata in figures 8 an/I 9
are meanis of 3 inldlvidtiaal experimelits a (lifferelice
of 4 cpm is too close to the experilelital error to
establish a si-nllificaiit (liffereiice betweeil the total
uiptake froimn 'n ap'cal an11d a basal (dollor iln(ier
anaerobic cOil(litiOlls.

The amouilt of '4C ill the blasal half of A,':1-no
sectiolls stipplied xvith basal (dollors is redItcelel by
60 % iil anaerobic con(litiolls. This is iil close
agreemeilt xvith the correspon/liig valLeie for ZCeI,
ilamely 61 %.

Inl the 2-houir tralnsport period ill air the pollaritv
of IAA movemeit iiltO the receivilng block is al/sn-
Itite, nlo '4C reaches the apical receiver. Ill the
aisen/ce of O2, hoxvever, 110 14C reaches the receiver
regar/iless of its positioll. Withill the tissiue, hoxw-
exver, tilere appears to lbe a sligilt telldeucy for- ill/loC
'4C to move ilito the fuirtier half sectioll, anll less
to r-eillail ill tile ilialf seCtioll ie'xt to tile (llilnor.
whell the (ollor is at the apical eii(d of the segillelit.
This tellndencv wXas also ilotice(l ill the Zeo coleop-
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tile segments (figs 3 and 4) in which, tunlike Avena,
it was suipported by the appearance of s-gnificant
ametin.ts of JA in basal receiving blocks uinder
anaerol)Ic conclitions.

In air there is imiore radioactivity in the receiving
block than in the basal half of the segment suip-

plied N-ith an apical donor.
Timie Comrsc for IAA Mlovemtent in Avena

SCegme1Cn1ts. The amouints of 1'C mov-ing acropetally
andI hasipetally into re,ceiving blocks throtigh 5-mm
Aveno coleoptile segments were dletermined as a

ftinctioin of t me both in air ancd in The restults
are shox-n in fitiures 10 and 11.

W;ith apical donors (fig 10) the amotint of '4C
reaching the receiver in air increased with time for
the first 4 houirs and then remained relatively uni-

form at about 20 cpm. In -N, on the other hanid,
the amouint of '4C in the receiver reached only
abotut 2 cpm after 6 hoturs andl abotit 3 to 4 cpm

after 8 houirs. WNrith basal donors (fig 11! the
amount of 14C in the receiver never exceeded
2 cpm regardless of the atmospheric conditions.
In nitrogen the values are similar to those found
when the receiver is at the biasal end of the seg-

ment, xx-hile in air they appeared to be even lower
after 6 anid 8 houirs, a finding which might be
accotinitecl for hv the activity of the basipetal trans-
port system. The dlata in the previous section tendl
to sgtigest that even tinder anaerobic conditions
basipetal movement of auxin might b)e slightly
greater thani acropetal mov ement. However, even

after 8 houirs in N., the 14C reaching the receiver
is los-\ andcl not significantly different for acropetal
anid( bas petal movement.

I'he similarity in the values for acropetal and

basipetal movemenit in nitrogen strongly stiggests
that mo-ement is dtie principally to diffusion.
Polarity of movement of "4C into the receiver
blocks is lost completely tinder anaerobic conditions.
The percent reduiction of basipetal transport tinder
anaerobic conditions clearly depends tipon the dtlra-
tion of the traneport periocl.

Discussion

In discuissing the extent to which atixin move-

ment is inhibjited by anaerobic conditions it is neces-

sary to specify A) the length of the section, B) the
transport pericd and C) whether it is the movement
wkithin the section or into the receiving block that
is being considered. Failuire to specify these points
can lead to confuisioln and artificial differences
between the resldts of different laboratories.

MIozcmiien1t in Avena Coleoptiles. On the basis
of the amotint of 14C reaching the receiving block,
otir resldts show that the basipetal movement of
IAA through a 5-mm Azena coleoptile segment is
totally inhibited by anaerobic conditions dtiring a

2 or 4 hour transport period. In these times no

significant amotint of btC reached a receiving block

at the apical end of a 5-mm segment stupplied with
a basal donor either in the presence or absence
of O.,.

Ouir resuilts with 5;-mm A'cnia coleoptile seg-
men1ts are in close agreement with those of Gold-
smith (5) who tused 10-mm segments and fouind no
14C in the basal receiving block after transport
periods of 0.5 to 8 houtrs uinder anaerobic condlitions.
Goldsmith also determined the amouints of 14C in
different zones of the coleoptile segment. After 2
houirs in anaerobic conditions 14C had reached the
second butt not the third 1-mm zone, while even
after 8 houirs all the 14C was confined to the 5-mm
half section next to the donor. WN'ith ouir 5-m,m
segments most of the 14C was confined to the
2.5-mm half section next to the dlonor after 2 houirs
in anaerobic conditions, altlhouIgh a little was re-
covered from the further half section. Not until
6 to 8 hours after the application of donors und(ler
anaerobic coInditioIns didl we recover ainy 14C from
the receiving blocks at the en(ds of the 5-mm seg-
ments. The time couirses for the movement of '4C
into apical and basal recei'vers are similar ind(ler-
anaerobic conditions, thuis suiggesting that movement
is due principally to diffusion. The amicinnt re-
coveredl in b)asal receivers even after 8 hotirs Nxas
only about 12 % of that recoveredl in air.
We find the total uiptake of IAA from an apical

donor in 2 houirs is redtuce(d by 84 % uinder anaerobic
conditionis; Goldsmith's data for a 2-liouir transport
period tinder anaerobic con(litioins re-ealed uiptake
to be redluiced by 75 to 80 % (5).

Mozememnt 7'Iiro ugh Zea Colcoptiles. Tuirninlg
now to the resuilts with Zea coleoptiles, we find
that basipetal movement of IAA into receivers at
the end of a 10-mm segment is totally abolished
tinder anaerobic condlitions duiring transiport periods
of 2 and 4 houirs. \With 5-rm.m segments we find
that a small but significanit amouint of 14C reaches
a basal receiviing block whereas none reache,s an
apical block after a 2-houir transp3rt period lunidr
anaerchic conditions. The latter resuilt sltgg2sts
that I asipetal movemenet in Zca coleoptiles iinn ',er
anaerobic conditions is still sligh'ltly grOater thai.
acrcpetal movement. It hais already been pjint d
ouit in the Restilts section that this suggestion is
stipported by the distribution of 14C in the sections
of Zea and also in Azena after a 2-houir trainsport
period, alth,ough no '4C emerged into the receiving
blocks with the latter tissuie.

These findings are in close agreemelnt vwith
Goldsmith's (6, 7) recent results obtained with a
completely dlifferent techniquie. Goldsmith (6, 7)
monitored the movement of a puilse of labelled
IAA, suipplied to the apical end of a 20-mm Zeai
coleoptile segmeint, tilnder ainaerobic ancl aerobic
cond;itions, and fotund the rate of movement to be
15-mm houir-1 in air and abouit 2mm hotur1l in the
absence of O.. Even tinder anaerobic conditions
the movement was polarized basipetally. Our data
with 5-mm and 10-mm segments of Zea are con-
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SistenIt with these rates, and( in addition, we find

with 5-mm segments uinder anaerobic conditions
that the slow movement of IAA is polarize(d basi-
petally.

Ouir (lata, and(I those of Goldsmith (6, 7 ), staind
in complete contrast to those recently published by

Naqvi, D)edolph, anid( Gordon ( 15 ) who find that
n(lder anaerobic coniditionis the amotunit Of 14C

reaching the receiving block at the lbasal end( of a

1O-mm ZeC coleoptile segmenit is redluce(d b)y only
50 vwhen anaeroblic con(litionls prevail dtiring a

2-hotir transport perio(l. They attribute this re-

dutcition enitirelyr to the inhibition of uiptake of IAX
from the clonor by 50 % in the absence of 0., aan(I
maintain that the rate of basipetal transport is

unaffectcd. The ser-Ious discrepancy between the
resitlts of Nacqiv et al. (15) on the one hand, anud,
those of Goldlsmiith (6, 7) and otirselves on the
other, canl hardly be ascribel to slight (lifferences
in technliqi(te suich as the vse ly Naqvli e. al. (15)
of miethyll-abelle(l ITA. The mlost likelx explana-
tion for the (liscrepaicycv is that the cond(litionis tise(l

by 'Nacqvi et al. (l15) \vere niot strictlx anaerobic.

Althouigh the gas flow ing ox er the tissuies xvas

fouind( to haxe ani 0., concelntrationi of b)elo\\- 0.01 %,
it is highly probable that a mitch higher conicenitra-
tion of (O. persisted in the caxvities of the coleop-
tiles, s-ince these cavities ere closedlthrotighotit
the flushinig periocl by the receiving blocks at olne endc
of the sectionis anid the keeper" blocks at the other.
No exactiation proce(dures xvere use(d to ensulre the

removal of residti,al 0., from the coleoptile cavity
and1( ti<S'lles.

Ilertel and(I Leopold (13 ) haxve also reporte(I a

smaller redtiction in basipetal movement of IAX
in Zea coleoptile segmenits undi(ler aniaerobic cond(li-
tionis than that found(I either b) ouirselves or bv

Goldsmith (5, 6). T'his discrepancy- is again prob-

ablv (Itie to the fact that Hertel and(I Leopold( (13)
didi not use ex-aciiatioii proce(ltires to eiistire the
renioval of 0)2 fromll the tissuies.

Rel(,tionslip Bct-eccii Aiiui1 Transport (md(1 tllc
G-coclcctric Effcct. There is 1ox conxincing exi-
(letice that the geoelectric effect is (Itice to the
establishment of a lateral coincenitrationi gra(lielnt
of fAA in the shoot tissuies (1, 2, 3, lO, 14, 19).
'I'llis gradient is set up lby the lateral polar trianis-
port of atuxin froni the tipper to the loxver half of
the shoot (9, 17 ). Grahm and( Hertz (11) andci
Woodcock and Wilkins ( unpublished) have sliov-n
that the geoelectric effect (loes not occtir tln(ler
anaerobic coniditionis. 'Nacqvi et al. (15) claim that
the lateral tranisport of IAA dturiing geotropic
stimuilation occurs as readly uniider anaerobl)ic C'Onl
dlitions as it dloes in air. They therefore arguie that
the geoclectric effect cannot be a mandatory con-

se(quieince of the lateral transport of IAA. Lateral
transport of auxin in geotropically stinmulated
coleoptiles is strictly polarizecl (9) an(d can ocacr
against a concentrationl gra(lieint (9). In these
respects it is similar to longituldinal polar transport.
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Since ouir data an(I those of Goldsmith (6,7) show
that longituidinal polar tralnsport of IAA in Zc(1
coleoptiles is depeindent to a great exitent tuponl
metabolic energy it seems highly likely that lateral
polar transport in geotropically stimuilate(d coleop-
tilels would showNCa similar dependelice upon aerobic
metabholism.

The strictniess of the anaerobic coll(litiolns tincder
xuhich Naqvi et al. (1,5) cond(uticted their experi-
ments is openi to seriouts quiestion because of the
divergence between their resul-ts for longitudinal
transport of LAX- anId those of 1)oth Goldsiith
(5, 6, /) and ourselves. Their (lata for the dle-
pendeince of lateral tranisport of IAA uiponl aerobic
metabolism muist therefor-e be -iexx-ed with reserva-
tioin uinti1 inldepel lelnt con firmation is avlailable.
The argument of NaqvNi et al. (15) that the geo-
electric effect caninot l)e a mandatory coinsequlenice
of lateral traniFport of lAA in shoots is, therefore,
oln the basis of presenit evidence, somewhat tenuiiouis;
it would have been muich stroniger hal(l they actually
(letermine(l xwhether or Inot the geoelectric effect
(lexvelopedI in the coleoptile sections from which
their IAA transport data xwere obtained.
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