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Siminiary. Measurements were made of the tranlsport of 2,4-dichlorophenoxyacetic
alcid-'4C (2,4-D) through segments cut from the region of the distal abscission zone in
youing and old primary leaves of Phaseoluis v'ulgaris L. \Vhen old leaves were used
l)asipetal transport of 2,4-D ill segments including pulvinar tissue, abscission zone, an(l
petiolar tissue was mutclh less than in wholly petiolar segments. In both young and o0l(
plaints, segments consisting entirely of pulvinlar tissue transported 2,4-D basipetally at
a velocity ab-out half that in petiolar tissue. At both ages the flux of 2,4-D through
pulvinar tissue was less than that through petiolar tissule. In segments from old leaves
the flux through pulvinar tissue was much less than in young plants; the flux throulgh
petiolar tissue changed little with age. There was no change with age in the velocity
of basipetal transport. The distribution of I4C along segments including the abscission
zone showed no marke(d discontinuity. It was concltuded that the pulvinus limited the
basipetal movement of 2,4-D through segmeints from old leaves which included both
l)ulvinar and petiolar tissue, but there was Ino evidence that the abscission zone itself was
a barrier to auxin transport.

In stu(lies of the hormiionial factors that regtulate
abscission miian1v experiments have been (lescrilbed
uisinig segments cut from the p)etioles of leaves of
Phascolus zulgaris ( 1, 7). These segments, which
co,nsist of the (listal pulvillus and part of the petiole
proximal to it, are by conventioni termed "explants"
(2). Growth regutlators are generally applied to one
or other of the ctut enlds. Biggs and Leopold (3)
have poinite(d otut that wheni exp)lants are treate(d in
this way tranlsl)ort of the growth regulator fromi the
point of application to the separationl zone is l)rob-
ably necessary for it to be effective. However, little
information is so far available either oni the move-
ment of applied growth regtulators within ex)lants.
or on1 possible (lifterenlces in stucIh movement between
explants fromi l)etioles at (lifferenit stages of (levelol)-
inienit. Tt is kniownv that the amiiouniit of auxini trans-
p)orte(l by som0ie tisstues chianges (lurin1g aging (6, 9,
13, 14).

In experinlellts (lescril)e(d by Rul)instein ai(l Ileo-
1)0ol (16), naplhthaleneacetic acid(-14C ( NAA ) was
apl)liedl to olne or other eni(l of a bean explant for 10
minulttes to 20( houIr-s and radioactivity was later (le-
termiiine(d iln 2 mlm sectionis of either- pulvinar or
a(ljacent petiolai- tissuie fromii the 2 sides of the ab-
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scissioin zonle. After hoth (listal and proximal apl)li-
cations miiade to segments unidergoing a variety of
experimental treatmnenits it was always found that
radioactivity was higher in the sectioin which was
inearer to the point of application of the NAA. How-
ever, the relative radioactivity oln the 2 sides of the
abscission zone varie(d considerably with the different
treatments, and the overall distribution of 14C withinl
the expla.nts was not dlescribe(l.

V'arious observations suggest that a siginificant
physiological barrier imiay exist between the a(djacenit
tissues of the )ulvinus anid the p)etiole in beani leaves.
T'hey dliffer strikinigly in anlatomiiical structure, as
shown for instance in figure 2 in (5) and figures 8
atn(l 9 in (4). Befor-e abscission occurs the activity
of pectin metlylesterase muax be as mIulch as .3) timies
highler in plulvinar thami in petiolar tissuie (15).
\V;heni the tissuies are about to separate the pulvintus
is usually vellowing while the petiole is still green.
aInd this vTisible (liffereiice muit.st in(licate a phvsio-
logical discontinuity.

'I'he need for inforimiationi ont the transport of
auIxmin in these anatomically and physiologically (li f-
ferent tissuies in relation to abscission has been eimi-
phasize(l elsewhere (7). Tt is not known whether
pulvinus and petiole tissuies transport autxill to the
same extent, nor whether the cells of the abscission
zone effect any regulationi of either acropetal or basi-
petal movement of autxini. In an endeavor to study
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these questions wN-e have investigatedl the movement
of 1 auxin, 2,4-dichlorophenoxyacetic acid (2,4-1)),
1)oth in puilvinuts an(1 petiole tisstues and across the
ahscissioni zonie in leaves of Plhascoluls vidguars. A

b)rief accouniit of this work was given at tile 1962

1International Horticuiltural Congress (8).

Materials and Methods

Seedlings of P. z7nidgaris L. var. Canadian \N'onder
were grown in a greenhouse. Segments were cut

froml the (listal ends of the petioles of the primary
leaves by, miiealls of a double-bladed cutter. In some

experiments ptulvillus-petiole segnlellts 8 mm loing,
ilnclu(ling pulvillar tissuie, abscissioll zoile, and I)etiolar
tissue, were compared with sections of the same

length cut from wholly petiolar tissue just proximal to
the abscission zone, as shown in figure IA. (Proxi-
iial and distal refer throughout the paper to po-
sitioll relative to the stenm.) In other experi-
miients, segillellts 2.8 or 3.3 mmIl long, cut fromi the
(listal pulvinus, were compared with seg-ileilts of the
sainle lellgtll cut froml wholly petiolar tissue just prox-
iimial to the abscissi-on zone, figure 1B. \Vrhen these
short segments were cut directly from leaves, the cut
suirfaces of the pulvinar tissues sometimes became
stifficieintly distorted to impair contact with the agar
blocks applied to them. To ilillilllize this soturce of
error, in experinlent 13 (table 1T and fig 3) loniger
l)ieces were first excised from the leaves so as to in-

PULVINUS PETIOLE

Distal
I r////A/

(laminar) PETIOLAR SEGMENT (3 mm.)
end

` .17 I *
l j2:3:4:5'6:7

FIG. 1. Positions from which A) 8-mm segments
with or without abscission zone, and B) 3-mm segments
of pulvinar or petiolar tissue only, were excised from pri-
mary leaves of Phaseolus vulgaris; C) Diagram. of
method of dividing segments into 7 sections for deter-
niination of the distribution of 34C in the tissue.

clude a small part of the lamiina aild ab)out 5 mm of
the petiole. After 1.5 hours, a 2.8- segmiient was
cuit froili the pulvinar regioll of each longer piece;
sublsequent (listortion of the pulvintus was negligible.

Potassiulmii 2,4-(ichlorophenoxyacetate-carhoxvl-
14C was applied at a concentrationi of 20 pM (4.4
illg'liter) in a donior block of 1.5 % aquieous agar gel
to 1 endl of each segment. The blocks were usually
22.4 ,ul in volume; for sections from older leaves,
larger blocks were sometimes used (33.4 ,ul). A

receiver block of plain agar gel of the same size was

applied to the other end of the segment. To measure
basipetal illovenlellt a donor block vas ap)p)lie(l to the
(listal end of each segment and a receiver to the
proximal enid. In sonle experimeints paired seg-
Illeilts froml the opposite petioles of eacli plant were
used to coiiipare basipetal aind acropetal movelellt,
X-ith the arrangeillellt of the blocks reversed. Six-
teeln replicate segiletilts wvere used for each treatmiienlt.
After the agar blocks had been applied the segIlleIlts
were kept in a Iluitiii atmosphere in darkness at 250.
At the enld of anl experilllent eacil of the sets of 16

lpooled agar blocks (basipetal donors. basipetal re-

ceivers, acropetal (lonors or acropetal receivers) was
assayecl for '4C with an end-window Geiger-counter.
For fuller (letails of the Imlethods see (11). Esti-
mlates of the inet tuptake of 2,4-D into the tissue were
ol)taine(l l)v sul)tractinlg the counts OIl (lollor block.s
at the eil(i of all experinment fromi cotunlts o01 sets of
16 fresh donor blocks which had Inot been in contact
with tissue. In experimenlts with wholly petiolar seg-
Illeilts -McCreadv (11) found(i thlat all the 14C recov-
ere(i in receiver blocks hla(l the chromatograplhic
properties of the original 2,4-D.

At the end of som0le experilimelits o01 8-niuii seg-

illeilts, the distribution of 14C along tilelli wvas deter-
minie(d as follows. \With a razor blade each segment
was stll)divi,ded illtO 7 sections of approximately equal
lenlgth, as show-n in figure IC. For thie l)ulvintis-
petiole segments the separation b)etween sections 3

aInd 4 was exactly at the abscissioin zonie. Each set
of 16 sections was rapidly weighed o01 a torsioln hal-
anice aIlid transferred to a glass homiiogenlizer. One
nil of water was added anid the tisstue was dispersed
by hand grinding. An 0.8 n11 l)ortion of the suspei-
sioln was pipetted o01 to all etched, tared aluminlumii
p)lallchet and dried ililder anl inlfrared lampl). After
reweighing, the plainchets were assayedl for 14C Witil
all end-window counter. 'Irle results were correcte(d
for self-absorption by referriing the (lr weights of

the samllI)les to a calibration curve derived from a

coIltrol experiment in which differellt anIollilts of

llollradioactive tissue were groun(l in n11 aliqtiot.
of a solution of ra(lioactive 2,4-D.

Each experimenit was repeate(i 2 or mlore timles
with essentiallv the sante resuilts.

Results

Table I shows the basipetal and acropetal move-
nilent of 2,4-D froill agar block to agar block through
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Table I. Basipetal and Aeiopetal Movement of 2,4-D-14C throulgh 8-nmm Segnwniits zvith or zwitIhot Abscissionl Zones
fromn Petioles of Youtng or Old Leaves

Segmenits of 2 types were used: A) Pulvinus-petiole, including pulvinar tissue, abscission zone and petiolar tissue;
B) wholly petiolar, consisting of petiolar tissue only, excised immediately proximal to the abscission zone. Duration
of transport was 24 hours. Each result represents the corrected counts per minute from 16 agar blocks, given as
means of duplicate treatments + standard errors. Counts from the 2 experiments are not directly comparable.

Age of leaves:
Petiole length:
Original donors:
Block size:

Young (Expt 10)
40-50 mm
23,253 cpm

22.4 ,Iu

Older (Expt 12):;
66-100 mm
32,831 cpIml

33.4 ,lI
Direction of Type of
transport segmenit

Basipetal Pulvinus-petiole
Basipetal Wholly petiolar
Acropetal Pulvinus-petiole
Acropetal Wholly petiolar

Donors Uptake Receivers

10,904 + 28 12,349 ± 28 290 + 12
5,079 +- 559 18,174 ± 559 290 + 15
9,980 + 370 13,273 + 370 6 4+
9,798 ±4 276 13,455 ± 276 6 ± 2

D)onors Uptake Receivers

25,560 +- 828 7,271 -+- 828 16 ± 1
14,24) -+- 203 18,585 ± 203 194 ± 9
16,634 -+- 70 16,197 ± 70 25 + 7
17,516± 76 15,315 + 76 66+8

* During this experiment the temperature accidentally fell from 250 to 21.

8-mm segments cut either with or without including
the abscission zones. Results are shown for 2 experi-
ments in which plants at different stages of develop-
ment were used, as indicated by the overall lengths
of their petioles. As smaller agar blocks were used
for the younger plants the data from the 2 experi-
ments are not precisely comparable.

For both ages of leaves, uptake from distal donors
into the pulvinar tissue of pulvinus-petiole segments
including the abscission zone was less than such up-
take into the petiolar tissue of wholly petiolar seg-
ments without an abscission zone; this was especially
so in the segments from older plants. Uptake from
proximal donors, which always took place into peti-
olar tissue, was unaffected by the inclusion of pul-
vinar tissue in the segments. In wholly petiolar seg-
ments, uptake from distal donors exceeded uptake
from proximal donors, which could be explained at
least in part by the considerably greater transport of
2,4-D in the basipetal direction, in accord with pre-
vious observations on this tissue (11).

In young plants basipetal transport through pul-
vinus-petiole segments equalled that through wholly
petiolar segments, but in segmients from older plants
basipetal transport through pulvinus-petiole segments
was reduced to about 8 % of that through wholly
petiolar segments. This striking change with age,
which was fully confirmed in other experiments, was
much too large to be accounted for by the minor dif-
ferences in procedure between the 2 experiments.
Acropetal movement, like basipetal movement, was
the same in the 2 types of segment from young
plants, but in older plants acropetal movement was
less in the presence of the abscission zone than in its
absence, suggesting that the movemenit of auxin
might be restricted either by the pulvinar tissue or
at the abscission zone itself.

At the end of a similar experiment with plants
at 2 stages of development the distribution of 14C
along both types of segment was determined and the
results are shown in figure 2. Earlier experiments

by McCreadv (11) showed that when 2,4-D at 5
mg per liter was supplied to bean petiolar segments
5.44 mm long, after 24 hours transport was still pro-
ceeding at nearly its maximum rate. It can there-
fore be assumed that figure 2 represents the distribu-
tion of 14C in segmenits which are actively transport-
ing 2,4-D-14C. The generally lower level of 14C in
the pulvinus-petiole segments supplied at their distal
ends is consistent with the lower distal uptake into
pulvinar tissue shown in table I.

The graphs reveal no major discontinuity in the
distribution of 14C at the abscission zone. The curve
for the younger segments supplied with proximal
donors does show a slightly increased gradient at the
abscission zone, but there is no reason to suppose
that this is of any greater significance than compar-
able minor irregularities in other parts of the curves.

Table II and figures 3 and 4 give the results of
2 experiments on the progress of basipetal transport
of 2,4-D. In each experiment short segments of
wholly pulvinar and wholly petiolar tissue were com-
pared. Segments for the 2 experiments were taken
from plants at different stages of development. The
lengths of the segments and the volumes of the agar
blocks applied were smaller for the youniger plants,
so that again comparisons between the young and old
planits can be made only in general terms.

Three aspects of these results may be considered1
in relation to possible differences in auxin transport
between the 2 tissues. Firstly, uptake of 2,4-D fronm
the dlonor blocks was greater into petiolar than into
pulvimnar segments at both -stages of development, as
was shown in table I. With both tissues uptake into
young segments continued throughout the experiment.
hut uptake into older segments soon slowed down.
However, in every instance the amount of 9.4-D en-
tering the segments greatly exceeded the amount
tranisported through themll into the receiver blocks, so
that there was no reasoni to suppose that transport
wNas limited by uptake.

Secondly, the velocity of 2.4-D tranisport through
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FIG. 2. Distribution of 14C in 8-mm segments treated for 24 hours with 2,4-D-1)4C at distal end (solid symbols)
or proximal end (open symbols and dashed line). The circles represent data from wholly petiolar segments. The
squares represent data from segments composed of pulvinar tissue (sections 1-3), abscission zone (location shownl by
arrows), and petiolar tissue (sections 4-7).

FIG. 3,4. Time course of accumulation of 2,4-D-14C in receivers in contact with pulvinar or petiolar segments
cut from young (fig 3) or old (fig 4) leaves. The calculated regression lines and equations are showni. For details
see table II.
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Table II. 7ie Coutrsc of Basipetal Transport of 2,4-D-14C through Pulviniar ori Petiola'r Segments
fromii Young or Old Leaves

Each result represents the corrected cpm from 16 agar blocks. Counts from the 2 experiments are not directly
comparable.

Age of Leaves: Young (Expt 13) Older (Expt 11)
Original donors: 23,414 cpm 30,236 cpm
Block size: 22.4 Al 33.4 ,ul
Segment length: 2.8 mm 3.3 mm

Hours Donors Uptake Receivers Donors Uptake Receivers
Pulvinus

4 20,342 3072 18 26,036 4200 6
7 19,159 4255 266 26,036 4200 71

10 18,424 4990 540 25,688 4548 249
13 17,289 6125 1120 26,036 4200 472

Petiole
4 16,142 7272 329 21,722 8514 343
7 12,176 11,238 873 19,548 10,688 1394
10 10,122 13,292 1344 19,939 10,297 2070
13 6370 17,044 1744 18,974 11,262 2730

each tissue can be estimated following the principle
of van der Weij (17) ; for (letails see (11), page 16.
In figures 3 and 4 the straight lines are those of the
closest fit obtaine(l by the miethod of least squares.
The calculated intercepts of these lines on the abscis-
sae show that 2,4-D move(d through youing and old
pulvilli with velocities of 0.6 and 0.7 mm per hour
respectively. The segments from corresponding
young and( old petioles gave velocities of 1.6 and 1.5
mmin per hour resp)ectively. Apparently, petioles trains-
ported 2.4-D at a higher velocity than pulvinii. aln(d
withini each type of organ there was no chanige witl
age in the velocity of basipetal transport.

Thirdly, the slope of each fitted line is prol)or-
tional to the average niet flux of 2,4-D entering the
receivers from the segmaenlts. At both ages the flux
through petiolar segments exceeded that through pul-
vinar segments. Comiiparing old with young plants.
the flux through l)etiolar tissue showed an increase
with age rather miiore than proportional to the in-
crease(l sul)l)ly of 2.4-1) in the larger doniors. In
mlarked contrast, the flux of 2,4-D through old pul-
vini was less thani half that through younig ones.
despite the larger amounlt supplied. In voung planits
the flux through pulvini was /76 % of that through
petioles; in old plants this ratio fell to 20 %.

Discussion

Whenl old leaves were used the basipetal miiove-
ment of 2,4-D-14C through 8-mm pulvinus-petiole
segments was much less than that through wholly
petiolar segments, so that either the pulvinar tissue
or the abscission zone seemingly limited transport.
As the distribution of 14C along pulvinus-petiole seg-
ments showed no marked discontinuity at the abscis-
sion zone, transport appeared to be limited not bv
the alscission zone itself but rather by the N-hole of
the pulv-inar tissue. lVhen young leaves wvere used

basipetal movement through the 2 types of 8-nmm
segment was the same, anid the (levelopment of a dif-
ference in the older leaves wvas presumably due to a
decrease in the ability of the pulvinar tissue to trans-
port 2,4-D.

These deductions from the longer segmenits about
transport through the pulvinius are olpeni to 2 possible
criticisms. In the first place they are based onl meas-
uremenits of the anmounts of 2,4-D transsported during
an arbitrarily fixed time. Any difference in the
amounit tranisported miiight be due solely to a differ-
enlce in the velocity of transport. an(l the flows of
auxin through the 2 tissues after a steady state lhad
been' reached might be equal. Ill the seconid place it
was difficult to ensure that pulvinus-petiole segmenits
from younig and old plants included exactlv the samiie
proportion of pulvinar tissue, and if the latter did
limit tranisport, an apparent change with age might
be due merely to a change in the relative lenigths of
plulvinar anid petiolar tisstue in the segmrenits.

I'hese objections do not applv to the miore direct
comiiparisonis of transl)ort tlhrough thle 2 regions usinig
short segmi-enits cut wholly from pulviniar or wholly
froml)petiolar tisstie. A timne study of the mlovemiienit
of 2.4-D through these segmeints enalbled velocitv
anid flux to be separately compared. Both were less
in pulvinar tissue; flux, but not velocity. decreased in
plulvinar segments from the older leaves. These ob-
servations confirmed that the (lifference in tranisport
between the longer pulvinus-petiole and( wholly peti-
olar segments from old leaves could be accounted for
by differences in tranisport througlh the pulvinar tissue.
It is unnecessary to suppose that the abscission zone
itself is a barrier to the transport of 2,4-D.

The present investigationi has shown that when
auxins are applied to the cut eiids of explants of the
kind used in experiments on abscission the amount
of auxin transported througlh the tissue aiid( its conl-
centration in various regionsi of the seginent will (de-
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peI(Id iIn part oIn the age of the tissue. 'T'his is par-
ticularlv relevant to experiments in which a growth
regulator is applied to an explant 18 hours after ctut-
ting (16), when somiie of the biochemical and physio-
logical changes associated with senescence may al-
ready have takein place.

Tin consideriing the possible bearing of these find-
inigs onl auxini mnovemenit in the intact plant, it must
he remeimibered, firstly, that the slow polar movemenlt
observed in segments excised from petioles is inot the
only way in w0hich auxin leaves the lamina. Little
anid Blackmani (10) have shown that JAA applie(d
to the laminae of entire seedlings of Phaseolits was

transported to the hypocotyl at a much higher vel-
ocity, 20 to 24 cm per hour, suggestinig movemenit
by a mechanism different from that founiid in segments

excised from Phaseolius petioles, in which fAA moves

with a velocity of about 6 mm per hour (12). Sec-
ondly, although in both these tranisport systems the
movement of 2,4-D resembles in several wvays that
of IAA (10, 12) it cannot be assumed that the be-
haviour recorded here for 2,4-D would necessarily
be the sa,me for IAA. Nevertheless it seems reason-

able to suppose that changes in auxin transport
through (lifferent tisstues such as have beeni demeion-
strated in the presellt experiments must affect the
(listributioni of en(logenous auxini in aind aroundl ab-

scission zones.
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