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The role of auxini in leat albscission haslbeen
recognize(d ever since Laihach ( 6 ) found( the abscis-
sionl of (lehla(led petioles to he influenice(d ly auxin-
rich orchiid pollinia. Inhihitionis of abscission by
in(loleacetic aci(l have beeln reported hv Latiue (7)
and AMyers (8), and prolimotions of abscission have
been describe(l l)v Addicott an(I Lynch ( 1 ) and \Vet-
miore and Jacobs (13). I-ater work hv (atair andt
Leop1lI (5) and Biggs and(l Leopold (3) suggested
tllat the promotive an(l inhihitory auixinl effects on
leaf abscission were funictionis ot auixini concentra-
tion comparalle to the classical two-plhase schiemile
of au1xinl action on growth propose(l hv Thliiian
(12).

A further analysis of auxin etfects on ahscission
is reportedl here using both explant andl intact petiole
ahscission tests, and the existence of txvo successive
steI)s w-ith opposite aauxin sensitivities is suggested.
\Ve will attempt to show howx these fin(lings lead to
a new interpr-etatioln of the effects of auxin onl leaf
ahsci ssion.

Materials & Methods

Expla(nt Abscissioan lest. TI'he test was carriedl
out in the mlanner (lescr-ibedl hv Ruhinstein and Leo-
pold ('10). Seeds of Pliassolinsr znlgaruns L. var. Red
Kidney wvere growvn und(ler controlle(d environment
conditions of 2,000 ft-c. 23 + 20 and a 16 lhour photo-
perio(l for about 14 days. Frolin primary leaves
petiole sections w\ere tlhen ctut inc]u(ling 5 niil of
tissue on eacl) si(le of the uipper ahscission zone.
Tel) expllants were used for eaclh treatment.

Foir proximiial applications, substances to he teste(l
were coml)ine(l with a 1 % agar solution and( p)oured
into Petri (lislies to a deptlh of 4 mm. The proximal
ends of the petiole explants wvere thein inserted into
the agar ai)d the (lislies retuir-ne(d to the controlle(d
enviroinmiieint chamher at a liglht intensity of 400 ft-c.

For clistal applications, tlle proximlal en(ls of the
petiole explants were first inserte(d into plain 1 %-
agar. Discs of filter papel (5 mm') xvere theln (lip-
ped into 50 % ethanol solutionis of the substances to
be tested (plain 40 % ethanol for the controls) and(
the wet paper discs place(d O01 the distal encds of the
explants.
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In tact Petiole A4bso-issioni T'est. Roots were r-e-
move(l fromii 11 day ol(1 Redl Kidney bean plants, tIle
hvypocotyls wvere trimmilile(d to a length of 10 cim., ami
the pllilts place(d in beakers conitaininlg (listille(l
water. The primary leaves wN-ere tlhen CUt off so
that aLl)l)roximately 25.5 ciu of the I)etile and low er
abscission zoiie w-ere left initact Oil the l)lant. Subl-
stanices investigate(d xxith this hioassaIx xvere in-
corporated into lanolin wh-Iiich was tlheni apl)lied to
the ctut surface of the l)etioles. In cases whlere suh-
stalices were apl)lie(l at intervals after leaf removal.
albout 2 mmn1 imior-e of the petiole wx as reinovxedl just
prior to application so tlhatt eacll treatmient Nx-as ap-
plie(l to a freshlx cuit sur-face. The plalaits x -ere
kept in the coi)trolle(1 enN-ironl)ilent chaniher (lurinl"
the course of the experiments. The statistical LS1)
5 % for both abscissioin tests descril)ed lheei-c as 20
lhouris or less.

A n.xin ExtractionI. a-l)aphthaleileacetic acid-2-
C( 4 (NAA* )3 (1.3 111C'ict\x) wvas fe(d to Ilean ex-
plants bv eitlher the proximal or (listal imietlho(l. \t
specifie(d time interv-als, 15 explants were ctit so as
to remove one 2 nini section just to the proximal
sidle of the abscissionl zonie alnd ai)otl)er 2 mmnl sectionl
just (listal to the abscisioon zoile. Thlese sectiolns
xvere theln honmogenize(d in 95 c, ethainol aii(d tlle
mlixtures evaporatectot I-d ess in a flaslh evaporator
xvith temperatures liot in excess of 500. After 10 ml
of anh-vdrous ether aili( 2 nil of p11 5 potassillll
phosphate huffer (0.1 Ai) had beel) addle(d to the
flasks. they w\ere shaken for 3 hours. The etlher-
firactioln was then evaporated in a planchet ai)(1
coutited iin a \vindoxvless flow counter. Thle llunl-
lbers p)resentedl in the tal)les al-e all corr-ecte(l for-
hackground.

Results
It is possil)le that thle abscission process is cont-

lprise(l of mlore than one physiological stage an(l that
the inhlibitory and pl)romiotive eftects of auxin imlav
be (due to the differential action of auxin o0n these
successive stages. To test this hypothesis. bean
petiole explants were treate(l (listallv or proximallv
with a Ihigh concentration of auxin at various timles
after leaf removal. Figure 1 shoxx s that when tlle
i)apl)tl)aleneacetic acidl ( NAA ) xxas applied imniiie(li-
ately after leaf renmov-al (0 hr ) l)O abscission occur-
red, thus reflecting ani inllibition of absciSsioin. If.

Abbreviations: NAA*, a--naphtlhaleneacetic acid-12-
(71 4; NAA, a-naphthalenieacetic acid.
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FIG. 1. Abscission responses of bean explants to

auxin treatments applied at various intervals after de-
blading. Concentration of NAA used for each treatment
indicated in parentheses. Time of 50 % abscission of
controls for each treatment: proximal = 93 hr; distal
= 94 hr; intact petiole = 136 hr. Data are plotted as
inhibitions or promotions above or below these times.
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FIG. 2. Time curves showing progression of bean

explant abscission. On each line is designated the time
elapsed between leaf removal (at time 0 hr) and proxi-
mal application of NAA (5 x 10-4 M).

however, the same auxin concentration w-as applied
3 hours after the explants were cut the inhibitions
were much less pronounced, and if applied 9 hours
after cutting a very marked stimulation of abscission
occurred. It can be seen, then, that the same con-
centration of NAA applied to the same region of
the explant can either inhibit or accelerate abscission
depending on the time of auxin application.

Further tests were carriedl out using the intact
petiole abscission test (fig 1). Except for the fact
that absolute inhibitions were never achieved with
NAA, the results were essentially the same as those
with explants. The longer the time between de-
blading and applying the auxin, the less effective
was the inhibition. If as much as 9 hours elapsed
between leaf removal and auxin application, the same
concentration of auxin which had inhibited earlier
now caused striking stimulations of abscission.

The progress of abscission by explants with vari-
ous times of auxin application can be seen for proxi-
mal treatments in figure 2. The per cent abscissioin
of the untreated controls rose sharply after 85 hours
an(l complete abscission occurred shortly thereafter.
The curve for explants treated with auxin 15 hours
after cutting showxed a much earlier rise, abscission
being markedly stimulated by the auxin application.
Curves for auxin applications earlier than 9 hours
after leaf removal show some initial abscission fol-
lowed by a markedly slower rate, and when auxin
was applied 3 hours after (leblading 30 % of the
explants still showed no abscission even after 130
hours. These data seem to demonstrate a progres-
sive change in auxin response.

The results suggested the existence of two steps
(luring leaf abscission: a first stage or induction
period which is inhibited by auxin and a later stage
which is promoted by the same auxin concentration.
To further determine the sensitivity of the two stages
to auxin, two groups of explants were used. Both
groups were treated proximally with 5 X 10-4 7r
NAA for various lengths of time from one minute
to two hours, but one group was placed in the auxin
immediately after cutting while the other was treatedl
with auxin 18 hours later. The results of this ex-
perimiient are presented in figure 3. If the explants
were placed in NAA for only 1 minute immeidiately
after cutting, abscission was inhibited by more thall
50 hours over the control. This presumably repre-
sents an auxin inhibition of the induction period.
If, however, 18 hours elapsed before the explants
were placed in NAA for 1 minute, there was a pro-
motion of almost 60 hours. This latter effect dem-
onstrates the auxin stimulation of the second stage
of abscission.

Experiments were then set up to determine
whether the two stages of abscission could be re-
tarded by low temperature. This was done by ex-

posing the explants to low temperatures (40) (luring
the first or second stage and applying high concen-
trations of auxin so as to observe the progress of the
separate periods. The change from inhibitory to
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FI(;. 3. Bean explant abscissioin as affected by v-ari-

ous durations of proximal NAA (5 X 10-4 _s) treatment
immtiediately after deblading or 18 hours after debladinig.

promotive responses to the auxini would indicate
comiipletion of the in(luction stage. In table I it can
be seen that low temperature retar(le(l absecission to
about the saimie extent Nxhetlher given during the first
or secon(l stage (#1, 2, 3). For example, controls at
22° abscised at 98 hours, an(l 18 hours of cold only
slightly delayed abscissioin to 111 or 112 hoirs. The
abscissio)n of explants wlhichl w-ere held at 220 Avas

greatly accelerated by auxint applied after 18 hours

(# 5 ) as had been showvn in previous experiments.
1Howxxever, the abscission of explanits v-hich vere first
p)laced in the cold for 18 hours w-as completely in-

hibited whein treated wN-ith the samiie auxin concentra-
tion at 220 (#6). These results suggest that the
clhaniges occurring (luring the indluctiol)period have
been arrested by lowr temiiperatures. The cold tem-l-
peratures also retard the secon(d stage since inllibi-
tions ratlher than pronmotions ere obtained wvith
explaiits which were simultaneously exposed to cold
and placed in auxin during the 18 to 36 hour perio(l
#7 vs 5).
The effects of a range of NAA concentrations

on abscissioni are knoxvn to exhibit a two-phase curve

(3) an(d representative (lata are showN-n in figure 4.
The explants treated distally ithout an indluction

period slhow only an inhibition ot ahscission witlh
increasing concentrations of NAA un(ler the condi-
tions of these tests. The proximally treate(d ex-
plants, how-vever, show a marked promiotion at con-
centrations of10Ii to 10 r.with inhibitions at
higher concentrations. If leaf abscissioin is comii-
posed of two stages of wlhichl the first is illhibited
by auxin, lhow then is it possible for NAA at a
concentrationi of 5 X 10 m to stimllltiate albscission
wvlen it is applied proximally to the explant imniiie(li-
atelv after (lebladling?
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FIG. 4. Abscission of bean explants in response to

proximal or distal applications of various c(oncenitrationis
of NAA.

An explanation for the albscission stimulation
occurring with dlilute auxin concentrations cani be
deduced frolmi the tlata plotte(d in figure 5. If ex-

plants are placedI iniiiinediately in the promotive con-

centration of NAA (5 X 10-5 Ni) for various lengths
of time, they must remain in the NAA for over

16 hours before an acceleration of abscission becomes
evident as shown by the curve for no indluctionl in

Table I
Effects of Per iods of Lowc, Temper-atures on Abscission of Bean Petiole Explants

NAA applied proximally at 5 X 10-4A only in time periods iindicated.

Time Period:

'T'reatment

#1
2
3

4
5

6
7

O to 18 lhr 1 9 to .SA h,r 11Hours to

NAA Temp ' NAA Temp NAA Temp 50 % abscission

NAA

22
4

22
22
22
4

22

NAA
NAA
NAA
NAA

22 22 98
22 22 111

4 22 112
22 NAA 22 No abscission
22 NAA 22 34
22 NAA 22 No ahscission
4 NAA 22 125
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explants are transferred to 5 X 10-4 M NAA after
' MOVED TO 5x/O M NAA various times in alanine, the stimulatory action of
\ _ o the auxin remains like that in figure 1 where the

explants were first placed in plain agar; so these
data do not indicate any action of alanine on the

NO INDUCT/ON induction period.
0, o Attempts to explain the effects of auxin on leaf

abscission have been based on a gradient of auxin
across the abscission zone (2) or on the total auxin
concentration in the abscission zone (3, 5). It would
be helpful, therefore, to establish the relative quanti-

AFTER /8 HOURS INDUCTION ties of auxin which may occur on either side of the
\ '8 abscission zone after promotive or inhibitory auxin

o-o-o treatments. This has been done by applying NAA*
to bean petiole explants either at once or after the
induction period, and extracting 2 mm sections just

2 6 10 14 18 hrs. above and just below the abscission zone. In this

TIME IN 5 x10-' M NAA way it is possible to compare the rate of abscission
Bean explant abscission as affected by proxi- with the aiiiount and location of the added auxin.

ations of 5 X 10-5 Mi NAA for various lengths Data for the distribution of radioactivity after distal
Explants were exposed to the NAA at once applications of NAA* are presented in table II. In
lading (no induction), or after an 18 hour each case, the petiole explants were exposed to NAA*
period in plain agar; following the times in for just 4 hours. As in the earlier experiments,
dlants were moved to plain agar or to agar con- when 10-3 m NAA* was applied immediately (#2)
X 10-4 m NAA. an ihhibition of abscission was obtained. but when

the same concentration was applied 18 hours later
(#3) a stimnulation of abscission occurred (see also

But when the explants are held for 18 fig 1); however, the measurements of radioactivity
plain agar before being placed in the NAA, indicate that the gradient of auxin about the abscis-
ure of only slightly more than 1 hour is sion zone was in the same direction for both treat-
o produce a stimulation. This indicates ments. Similar gradients were found for applica-
wlhen the explant is placed immediately in tions of 10-4 Mr NAA* which had no measurable

e promotion caused by the auxin is due only effect on the abscission rate (#4, 5). Neither the
tion on the second step. The action of radioactivity in the proximal or distal sections nor
5I NAA on the first step was further in- the total radioactivity for each treatment appears to

vestigated by moving the explants from the promo-
tive concentration after various lengths of time to
5 x 10-4 At NAA (fig 5). Explants which were in
5 X 10-5 Ai NAA for 15 hours or less and then trans-
ferred to 5 X 10-4 AI NAA were inhibited almost 40
hours over the control, but it is alrea(ly known that
when the explants are kept in plain agar for 15 hours
before the transfer to 5 X 10-4 At NAA, there is a
marked stimulation of abscission (see fig 1). From
these data, therefore, it is evident that even the pro-
motive concentration of auxin somewhat inhibits the
first stage of abscission.

It is also possible to test abscission promoting
substances other than auxins to dletermine whether
their action is due to a stimulation of the second
step or a shortening of the indluction period. For
example, the amino acid alanine has been reported to
accelerate abscission (10), and its relative effective-
ness in altering the two stages of abscission is illus-
trated in figure 6. The explant must remain in
alanine over 16 hours in order for a promotion to
occur (as shown by the curve for no induction)
while 5 hours of alanine exposure is sufficient for
an acceleration if applied 18 hours after cutting.
Thus it is implied that, like auxin, the alanine acts
by stimulating the second stage of abscission. If
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FIG. 6. The effects of alanine on bean explant ab-

scission. Proximal applications of 5 X 10-3 M alaiiine
were made for various lengths of time as in figure 5.
Explants were exposed to alanine at once or after an

18 hour induction period; they were then moved to plain
agar, or to agar containing 5 x 10-4 Si NAA.
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be correlated witlh the rate of explant abscission.
The snialler amiiount of NAA* present in the explants
which\were treated wvith auxin after 18 hours is
J)rol)al)lv (ue to a (lecrease(l uptake after 1 8 houtrs
oII agar.

Proximal al)plications of NAA* (table I1 ) like-
x\ise sho\ -ed no apparent correlation between abscis-
sion rate and either the auixin gradienit or auxin
concentration. It can be seen that miiore radioactivi-
tv xvas found(l in the proximal sections of all explants
r-egar(lless of x\-hether an inhibition Or promotion of
ab sci ssion OcCuI re(l. For examlple, when explants
x-vere place(l in NAA* for 10 nminutes after 18 hours
in plain agar ( #3), 50 'C7 al)scission occurre(l in only
27 hours and tlher-e xas slightly iniorie radioactivity
in the proximal si(le. When explants were placedl
in NAA* for 10 miniutes imme(liatelv after (leblad-
ing ( #22) abscission w%as inhibited by 44 hours over
the conitrol but the gradlielit shoxvs even niore ra(lio-
activity in the proximal si(le. Only smliall colncenltra-
tion (lifferences xxere al)parent between the tw-o treat-
ments. Fromii figure 5 it is know,vn that 5 X 10-5r
NA\ * apl)plied immediatel prlromotes abscission only
if tile explants remilaiin in the auxin for o-er 18 lhours;
if al)lplie(d after an 18 lhour induction l)erio(l proliio-
tions. were obtained Nx-ith only a 2 hiour exposuire.
Such exper-imilenits with NAA* (#4, 5) exhlibitedI as
\\ i(le a (lifference in auxin gra(lient betxeen thlese
txxo l)romiotive treatimienits as betxx een the promotive
ani(l inhibitory treatimieiits. Comparisons of the conI-
centration (differenices betxveen table 11 andl Ill are
not xvalid becausl.9e of the (lifferenit nature of the test
methods.

I)iscussion

Froin the exp)eriments in xhlich autxin -vas ap-
I)lied to bean exl)lanits and intact petioles at various-
tinies after leaf removal, it apl)ears that leaf ab-
'cissiOn can be (divi(le(l inlto txo stages. The first
of these stages is primarily retar(le(l by auxin x-hile
the second stage is markedly accelerated b1 auxill
applications. In contrast, the amiiino acid alaniine
\which stimulates abscissionl, has n1o apparent effect
oni the initial stage but (loes accelerate the second.
Tluts I)romiiotiomis of tlle seconid stage of abscission
are slhared by auxisis andCl other natural substances.

k simiple niietlho(d employed by Czapek (4 ) for
separating the stages of geotropism xvas use(l here to
furtlher- separate the stages of abscission. The pro-
ce(lure consiste(d of exposinig the petiole explants to
loxv teiiiperatur-es during eaclh abscission stage. It
xva-s found that the first stage is clearly retarded by
cold since abscission vwas subsequently inhibited by
_NA\ exIosure. while abscission of explants induced
for the samie period at 22° was subsequeintly stimu-
lated bK NAA. The events durinig the second( stage
are also slowed by cold as exvidenced by the inllibitions
obtaiiied \\vhen explants are exposed simultaneously
to NAA and loxv temperaLtures for 18 hours after

an 18 hour indcluctionl perio(l at 22. There is good
reason, theni. to suspect that both stages consist of
events wilichi are retarded 1v col(l.

The existence of txwo abscission stages also has
been foun(d usinig in(loleacetic acid (IAkA ) but silice
the presence of an IAA inactivating systemlias heen

reportedl for bean lpetioles (11). the (lata for IAA
xx-ere niot consi(dere(l as reliable as those for- NAA.

Tlle fact that auxin inhibits (luring a first stage
an(l pronlotes (lurinig a second( suggests newv interpre-
tations of somle existing tlheories of leaf abscissioll.
Addicott et al. ( 2) have siggested that abscissioni is
contr-olle(d by the gradient of aulxinl across the ab-
scissionl zone; if ther-e is miore auxinl onl the distal
si(le ( as xwould (levelol) folloxwing (listal alpl)licatiolns)
an inhlibitioni of abscission should he evi(lent, anid
xx-lhen ther-e is m1ior-e auxin oln the prioxindal sidle a

stimllulatioin of abscission slhould take place. Thlis
theory is (liffictilt to (lefen(l in viexv of the fact that
eitlher promotions or1 inhibitions cani be obtained lby
auxinl treatment to any side of the abscission zone
(3 5, 6, 9. 13). The results in figlure 1 also conflict
xvith the gradient theory , for either proi)iotioiis or
inhibitions can be obtained x -itlh applications to the
samiie si(le of the abscission zone, lependinig only on
the tilmle of application. -Measuremenits of the radio-
activity onl eitlher si(le of the abscission zon1e after
applying labeled -NAA do not suppor-t the involve-
menit of a gra(lient of the apl)lie(l auxin. for (listal
applications apparelntly pro(duce(d gra(lients in the
samiie (lirectionl whether they inhlilbited or1 promiioted
abscission (table 1T), 111(1a lalso proximal applicationS

Table II
Distribution of Radioactivity in the Distal & Pro.ximnal

Sides of the Abscissiont Zone After Distal
Application's of NA.I 1* to Bean Explan ts

Treatments Distal
2 m

1. Control
2. 10-3 NM NAA* 4 hr 1550
3. Untreated 18 hr,

theni 10-3 N\AA
4 hr 940

4. 10-4 -NAA* 4 lir 141
5. Unitreated 18 hr,

then 10- 4 -'NAA*
4 hr 110

Ls /miniute
Hours to

Proximal 50 C, abscission
2 imm

99
680 150

680 35
86 104

88 101

procluced the opposite gradients xh-letlher tlley in-
hibitedl or promlote(d abscissioni (table 1II ). The
differences in effects between proximial and (listal
auxin treatmelnts may be a consequenlce of a readier
monvement of the auxin to tlle abscission zonle followx-
ing a distal treatnment, hlence the greater tendency
for inhlibition effects (3).

A concentration tlheory lhas been propose(l by
Gauir and Leopold (5) anlcl Biggs and Leopold (3),
in xx hich the promotion of abscission 1w lox axilln
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Table III
Distributioni of Radioactizqtv after Proximiial

Applications of NAA* to Bean Explants
After each auxin treatment, explants were placed in

plain agar for 4 hours prior to extraction.

Counts/minute Hours to
Treatments Distal Proximal 50 %

2 mm 2 mm abscission

1. Control ... ... 95
2. 5x10-4M NAA*

10 min 230 450 139
3. Plain agar 18 hr,

then 5XlO-4M
NAA* 10 min 250 280 27

4. 5X10-5m NAA*
20 hr 62 188 26

5. Plain agar 18 hr,
then 5X10-5M
NAA* 2 hr 66 90 30

concentrations and the inhibition by high concentra-
tions are considered to be reflections of a two-phase
action of auxin similar to the actions on growth (12).
As originally proposed, this concept of abscission
effects implied that the promotion and the inhibition
effects are reflections of the same auxin action in
the plant. The assignment of the promotion and
inhibition auxin effects to separate steps in the ab-

scission process calls for a reinterpretation of the
concentration theory. It is clear that the same con-

centration of auxin can either markedly inhibit or

promote abscission depending on when the auxin is
applied (fig 1), and the apparent amount of auxin
reaching the abscission zone is not itself correlated
with the effects obtained (table II and III). A re-

interpretation of the concentration effects is sug-

gested from these data: the promotive effects of
dilute concentrations of auxin applied immediately
to petiole explants can be considered to be a con-

sequence of an amount of auxin just low enough to
allowv the induction stage to proceed to completion
and yet high enough to stimulate the second stage
of abscission (see fig 5). Thus the apparent two-
phase concentration curve can be an expression of
tw-o separate auxin actions on the abscission
processes.

Summary

AnI analysis of the control of leaf abscission by
auxin was carried out using petiole explants and

debladled intact petioles of Phaseolius v,ulgaris L. var.

Red Kidney.
I. By adding a-naphthaleneacetic acid (NAA)

at various intervals following leaf removal, the pres-

ence of two abscission stages was revealed-an in-
duction period oi about six hours or more which is
inhibited by auxin. and a later stage which is stimu-
lated by auxin.

II. Low- temperatures were shown to separately
retard each of the abscission stages, permitting a
further distiniction between themii.

III. The aimiino acid alanine whiclh stimulates
abscissioni w-as fotunid to act on the second stage and
to have no apparent effect on the induction period.

IV. The two-phase concentration effects of auxin
on abscissioni are described as the consequence of
actions oni twN-o stages with separate and roughly op-
posite auxin sensitivities.

V. Experimienits w-ith radioactive NAA indicate
that un(der the coinditions of the bean tests, the ab-
scission response is correlated with the time of auxin
application atnd not with the gradient of auxin about
the abscission zonle nor with the total concentration
extractable fromii that region.
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