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As one aspect of a study of abscission in the
cotton plant, we have been interested in the possible
presence of an indoleacetic acid (IAA) oxidase in
the aerial portions of the green plant. The need
for investigation was indicated by the possibility that
IAA oxidase could affect the decline in detectable
auxin in cotton which occurs just prior to leaf fall
(1, 2).
A study was initiated after noting that although

there is evidence for the occurrence of TAA in cot-
ton (3, 12), a preliminary attempt to demonstrate
TAA oxidase was unsuccessful (13). Furthermore,
information on the occurrence of the enzyme in other
green tissues was relatively limited and an unequivo-
cal function of the enzyme in higher plants has not
been clearly established.

This paper presents evidence for the occurrence
of an IAA oxidase in cotton and some characteristics
of the enzyme and an inhibitor(s).

Methods & Materials

Plant Culture. Upland Cotton (Deltapine 15 &
Empire) was grown in the greenhouse in an inert
medium (4). The plants were watered with a solu-
ble fertilizer (4) or Hoagland's nutrient solution
(15) modified to include 7.16 X 10-5 -- iron as the
sodium ferric diethylenetriamine pentaacetate chelate
(Geigy Sequestrene).

Extraction and Purification. Samples of leaves
and other parts were collected, weighed, and either
extracted immediately or stored at -20° until used.
All subsequent manipulations were carried out in a

1 Received Sept. 26, 1962.
2 Supported in part by a grant from the Foundation

for Cotton Research and Education, National Cotton
Council. Published with the approval of the Director,
Texas Agricultural Experiment Station. A portion of
the work described here was taken from a dissertation
submitted by Page W. Morgan for the Ph.D. degree at
the A & M College of Texas, August, 1961.

2° cold room. Samples were crushed while frozen
and homogenized with a blender in 3 ml of water
per gram of fresh tissue. The brei was squeezed
through four layers of cheese cloth and centrifuged
at 22,000 X g for 20 minutes at 00. This centrifuga-
tion was assumed sufficient to remove nmitochondria
and all larger particles.

The resultant particle-free liquid (hereafter
termed extract) was either dialyzed or treated with
acetone. Dialysis was conducted in the cold in 10
liter batches of deionized water changed daily for at
least 3 days. At the end of the dialysis period the
extract was centrifuged as before. Purification by
acetone precipitation was carried out accor(ling to
the method of Galston and Baker (9). The precipi-
tate was redissolved in w-ater, dialyzed 24 hours,
centrifuged as before and assayed immediately or
stored in the dark at -20° until used. The activity
of such preparations declined slowly in the cold room
but it was still measurable after 60 days.

All of the experiments reported here in tabular
or graphic form, except figures 2, 5 and 6 were con-
ducted using acetone-purified enzyme. Tests for oc-
currence of the enzyme in the species and races of
cotton and the experiments illustrated in figures 2,
5, and 6 were conducted using a dialyzed extract for
the enzyme source.

IAA Oxidase Assay. A manometric assay system
was used. Each flask contained 30 ,Lmoles of IAA
in the side arm; 0.2 ml of 20 % KOH in the center
well with a filter paper wick; and 1 nml of 0.4 M
Na2HPO4-NaH,PO4 buffer (pH 5.8), 3 Mmoles of
2,4-dichlorophenol, 3 /Amoles of MnCl2, 0.0319 /Lmole
of riboflavin, enzyme (usually 1 ml) and water in
the main compartment to give a total volume of 3.3
ml. The assay was conducted at 25° following a
15 minute equilibration period. Unless otherwise
noted, assays were carried out in a lighted room.
Blanks containing riboflavin but no enzyme yielded
no measurable oxygen uptake at the light intensity
involved here (<80 ft-c). Duplicate flasks were
prepared in all cases.
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Inihibitor Assay. (The term "inhibitor" is used
for convenience, but (loes not imply that the inhibi-
tion is necessarily cause(d by, a single substance).
The solution to be tested for inhibitor content, ap-
propriately diluted, was added in an 0.1 nml aliquot
to the stan(lard IAA-oxidase assav. A control with
water instead of inhibitor wcas run with each assay.
Oxygen uptake vs. time was plotted and the initial
linear portion of the reaction curve w-as extrapolated
to the base line to indlicate the length of the lag
period (examlple, fig 2 & 6).

Peroxidase Assav. Relative peroxidase activity
was assayed according to the chroniomiietric-colori-
metric method of Alaehly an(d Chance (17).

Results

Clharacteristics of Enizvmic aniid Inhi ibitor. Initial-
ly, the earlier finding that IAA-oxidlase activity
couldl not be demonstrate(d in cru(le extracts of cotton
leaves (13) was confirmle(l. The preparation of an
acetone powder, vwhen redlissolve(d and dialyzed, yield-
ed an enzymie solution which only became active in
the mlanonmetric assay system after a lag period of
70 to 120 miiinutes. As the pH of the assay me(liumii
V<as dlecreasedl, the la-g decrease(l (fig 1). The re-
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FIG. 1. Effect of assay pH (phosphate buffer) on

the activity of IAA oxidase from cotton leaves.

duce(d lag c-ull1have been caused by an acid-catalyzed
inactivationi of aan inhlibitor or activation of a co-
factor ( s ). However, the miiore aci(lic conditions
Nere suboptimial for the enzymne since the total oxv-
gen uptake decrease(d as the pH decrease(l (fig 1).

The mlianom11etric assay) system w las shoxwn to be
specific for (lestruction of IAA catalyzed by the en-
z7-xmie. There \\-as no signiificanit oxygen uptake if
eitlher substrate. enzyme, A\InCl., or 2.4-dichloro-
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FIG. 2. Effect of enzyme conceintration (dialyzedl

cotton leaf extract) on the lag in oxygen uptake.

phenol was omi tte(l. Boiling the enzyme tor 3
minutes removed all of the activity.

Dialyzed extracts, inactive at higlher concentra-
tions, did have IAA-oxidase activity when properly
diluted (fig 2). The lag was extenided by increas-
ing the enzyme concentration, whiclh inclicatedI the
presence of an inhlibitor. Inhibitor activity xxas
confirme(d whein the characteristic lag, removed by
purification, Nvas returne(l 1w addition of boiled, nloIn-
dlialvzed extract (fig 3).
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FIG. 3. Induction of a lag in oxygen uptake by addi-

tioni of boiled cotton-leaf extract to IAA oxidase fromi
simiilar tissue.
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Table I
Effect of Gossypol on the Activity of Cotto71

IAA Oxidase
Gossypol was dissolved in absolute ethanol. Controls

with ethanol or water but no gossypol were included in
each experiment and there was no measurable lag due to
the ethanol (0.1 ml per flask).

Gossypol Length of lag period-minutes*
Dark-Without Light-With
Riboflavin Riboflavin

1 X 10-4 >240 26.5
5 X 10 5- 140 12.5
1 x 10 5M 13 0
5 X 10-6a 6.5 0
1 X 10-6M 0 0

* The lag was measured under conditions most favor-
able (dark-without riboflavin) and most unfavorable
(light-with riboflavin) for expression of inhibitor
activity.

Riboflavin (0.0319 ikmole or 1 X 10-5 Ni) in the
reaction nmixture reduced the lag period of the first
enzynme preparations as much as 60 minutes but had
little effect on the rate or stability of the reaction.
Subsequently, the degree to which riboflavin reduced
the lag was shown to be related to the inhibitor con-
centration (also demonstrated with gossypol, table
I). The effect of several flavins on the inhibitor-
induced lag in enzymatic destruction of IAA is shown
in figure 4 (all materials were Nutritional Biochem-
icals Corp. products, FAD was 80-90 % purity).
The effects of riboflavin and FMN were approxi-
mately equal. but FAD was less effective. Based
on these findings, riboflavin was added as a standard
practice to all assay systems.

The action of riboflavin (fig 4) -was concluded
to be the inactivation of an inhibitor and not photo-
oxi(lation of IAA (7) because there was no measur-
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FIG. 4. Effect of various flavin compounds (1 X
10- 5 m) o an inhibitor-induced lag in IAA-oxidase ac-

tivity. Control was enzyme in standard system without
flavin or inhibitor. Inhibitor was a boiled leaf extract.

able oxygen uptake when controls were run with
riboflavin and enzyme was omitted. The fact that
riboflavin only served to speed the initiation of
a reaction which would start without riboflavin also
indicates that the bulk of the oxygen uptake was not
due to photooxidation.

The inhibitor concentration was reduced by dialy-
sis, but the process was not completely effective since
dialysis, for up to one week usually resulted in en-
zyme preparations which still had a measurable lag
in the absence of riboflavin. However, dialysis for
3 days and dilution of the preparations to the linear
reaction range allowed a fairly rapid process for
evaluating the IAA-oxidase activity of a large num-
ber of samples. In actual practice such assays
showed a very short lag when riboflavin was in-
cluded. Some enzyme preparations purified by the
acetone procedure contained inhibitor (fig 1). The
inhibitor content varied with age of plants, tissue,
and season of harvest.

Enzymtle Occurrence. Following the initial ex-
periments, the enzyme was demonstrated repeatedly
in extracts of leaves, petioles, stems, and roots of
the upland cotton varieties used. The enzyme was
found in the dialyzed extracts of leaves of vegeta-
tive plants of the following races of Gossvpiuim hir-
suituini: latifolium (two collections), marie-galante,
morrilli, palmeri, and punctatum (two collections).
In addition, the enzyme was present in the dialyzed
extracts of mature leaves of the following species of
Gossypium: anomalum, areysianum, aridum, australe,
herbaceum, incanum, lobatum, somalense, tomento-
sunm and triphyllum. This group includes at least
one species fronm each of the genome groups of
Gossypiunm.

Inhibitor. WVe have demonstrated the inhibitor
in aqueous extracts of leaves, petioles, stems, roots.
squares, flowers, and bolls of several commercial up-
land cotton varieties. In addition, it was present
in all of the previously mentioned species of Gos-
sypium and races of G. hirsutuon. The lag-inducing
substance was also extracted from whole leaves by
boiling them in water for 20 minutes.

Light was necessary for the riboflavin-mediated
reduction of inhibiticn. Assay of an inhibitor-con-
taining enzyme preparation in the (lark resulted in
extension of the lag period until the room lights were
turned on (30-80 ft-c at the bath surface) (fig 5).
Without riboflavin, the lag period extended over 60
minutes beyond the end of the dark period. The re-
sult was obviously the inactivation of the inhibitor
instead of light-activation of an enzymle, since the
lag can be added to an active enzyme preparation
with an enzvnme-free. boiled extract (fig 3). Re-
sults shown in figures 3 and 5 have been repeated
several times.

The major effect of the inhibitor was to cause
a lag in the start of rapid oxygen absorption (luring
IAA oxidation; but mleasurements indicated that
there was also an effect upon the rate of the sub-
sequent reaction. In one test 48 samples of leaves
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FIG. 5. Effect of light and riboflavin on an in-

hibitor induced lag in IAA-oxidase activity.

were extracted, aliquots of eaclh extract were heated
on a boiling water bath for 20 minutes and dlilutions
subsequently assaye(d in combination wvith acetone-
purified enzyme fromii leaves. These 'inhibitor
samples" redlucecd the initial reaction rates by 4 to
46 wlhile causing lag periods ranging fronm 3 to
160 miinutes. Increasinlg the inhibitor concentration
increased the lag to a muchl greater (legree thani it
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FIG. 6. Effect of pH of extraction medium on IAA-

oxidase activity of subsequently (lialyzed extracts. One
ml of each preparation was assayed in the standlard
.systemi.

(lecrease(l the rate. The rate-repressioinmay simply
be a non-specific effect associatecl X-itlh cr-ude. boiled
extracts, but the possibility of the existenice in cotton
of a competitive type of inhibitor is being studied.

Several experiments were condlucte(I \-here phos-
phate buffers (0.2 -m) over the range of pH 4.4 to
8.9 wrere used to extract homogenous samples of cot-
ton leaves. There x-as no effect of pli on the amlount
of enzYme recovered. \Vhen aliquots of tbe extract
were boiled and centrifugedl free of dlenatured protein,
assay revealed that as the pH (lecreasedl tlle inhibitor
content increased. The remainder of each extract
was dialyze(l. Assay of these enzyme preparations
revealed the opposite results, as the pH (lecreased
the inhibitor content also (lecrease( (fig 6 ). p-
parentlv, the inhilbitor (lialyzes mlore readilyN from
those extracts prepared w\Nith the miiore aci(lic buffers;
therefore, there nmay be somiie type of b)ond between
the inhibitor and the leaf protein w-hiclh is broken
more readily under aci(d conditicnis. All of the
samples ha(l reaclhe(d a pH equilibriumlil prior to assay.

Otlher Inlhibitors. Gossvpol, a phenolic substance
found( in cotton seed, leaves, ain(l roots ( 21 ), has cer-
tain struictural sinmilarities (5 ) to an IAA oxidlase
inhibitor in peas (19). Gossvpol acted as a potent
inhibitor of the cotton leaf enzyme (table I'). It
caused a lag in oxygen uptake m-lhich \was rever-sed
Iy light and(i riboflavin in the samiie manner (fig 7)
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a- 120
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FIG. 7. Effect of light and riboflavin onl gossypol-

induced lag in IAA-oxidase activity. All except con-

trol contained 1 X 10-4 -_ gossypol. All except con-
tinuous light were in initial 60 minute dark period.

as the inihibitor in our aqueous extracts (ftig 5)"). The
identity of the natural inhibitor and its (listribuition
are being further investigated.

Kaemiipferol (MAlnn Research Laboratories), a

componen-t of IAA-oxidase inlhibitors (at 10-4 Al)
idenitifiedI in peas (6, 19), functionedl in our assay

system in a miianlner idlentical to gossvpol and the
lnatuiral inhibitor fromii cotton (fig 5 & 7). It causecl

w
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a marked lag period at 1 X 10-4 M and was reversed
by light and riboflavin, either of which alone had
no noticeable effect.

Peroxidase. Due to the widely accepted role of
peroxidase in the destruction of IAA, the relationship
of peroxidase and IAA-oxidase activity in cotton
leaves was determined. All preparations active as
IAA oxidase have also had peroxidase activity.
However, the converse was not true. Crude homog-
enates of cotton leaves have immediate peroxidase
activity, -et rarely have such preparations oxidized
IAA without some type of purification. Even with
samples of lowest inhibitor content (winter-grown
seedlings) peroxidase activity was detected with less
difficulty than IAA-oxidase activity.

We have found no significant stimulation of IAA
oxidase of cotton leaves with hydrogen peroxide
(Baker Chemical Co.) . A typical experiment is
shown in figure 8.
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FIG. 8. Effect of hydrogen peroxide concentration

on the activity of cotton-leaf IAA oxidase. Assay con-
ducted in the dark (< 1 ft-c at bath surface) without
riboflavin.

Discussion
The results of this study show that an IAA-

destroying enzyme system is present in extracts of
the various parts of the light-grown cotton plant
and that this system is apparently distributed
throughout the genus Gossypium. Therefore, the
participation of the enzyme in physiological processes
in green tissue is a possibility.

The natural inhibitor of IAA oxidase in cotton is
not unique (9, 11, 18, 19, 22, 24, 25, 26), but its in
vivo status is critical to the physiological significance
of the enzyme in green tissue. Evidence has been
presented that such inhibitors may regulate enzymic

destruction of IAA (22). In this connection, the
interconversion of inhibitors and cofactors of IAA
oxidase by a red-near infrared light mechanism has
been proposed (8, 14, 19). Also, inhibitor content
is known to vary with (lay length (8) and season
of the year (18, 26, present paper).

If inhibitors do play an important role in an in
vivo auxin destruction system, our finding that ribo-
flavin will mediate the light-activated reversal of
several IAA-oxidase inhibitors may have significance
in the same system. An alternative view, that
"riboflavin may continuously exert a check on IAA
destruction in vivo" (27) was based on the finding
that FMN (10-4 Mi) retards the rate of enzynmatic
destruction of IAA in vitro (26, 27). This view
does not consider the effect of riboflavin on lag-
inducing inhibitors of IAA oxidase. The protective
effect of riboflavin was reversed by light, was in-
significant at 2 X 10-5 Ii (double the concentration
used here) and was demonstrated with enzyme prep-
arations essentially free of inhibitors (27). Al-
though our findings are also in vitro observations,
they do indicate the possibility that the predominant
role of flavins in light-grown plants containing both
IAA oxidase and inhibitors may be to encourage
destruction of rather than protection of IAA (27).

The reversal of IAA-oxidase inhibition by light,
without added flavins, has been noted previously (9,
11). Evidence was obtained in one study (9) indi-
cating that the photoreceptor involved was a flavo-
protein.

Two different light reactions could be involved
in the regulation of IAA oxidase-inhibitor levels.
Thus red light stimulates the synthesis of inhibitors
(kaempferol &/or others in peas; 14, 19), but ribo-
flavin and light (presumably blue, see 9) accelerates
the inactivation of inhibitors (cotton inhibitor, gossy-
pol, & kaempferol; this paper).

The similarity between the inhibitory effect of
gossypol and the unidentified inhibitor present in
tissue extracts suggests the possible existence in
cotton of IAA-oxidase inhibitors with considerable
differences in chemical structure froml those al-
ready identified in peas (6, 19).

The significance of the absence of a hydrogen
peroxide-stimulation (fig 8) cannot be determined
without further study. A similar report has been
made by Sacher (23), but the stimulatory effect of
hydrogen peroxide in other systems is well-knowvn
(10, 16, 18, 20).

Summary

An enzyme capable of oxidizing IAA in the pres-
ence of 1\InCl2 and 2,4-dichlorophenol was d(emon-
strated in dialyzed extracts and redissolved acetone
powders of light-grown cotton leaves, stems, petioles.
and roots. The enzyme is also highly active in leaves
of several other species of Gossypium and races of
Gossypiton hvirsutuni.

- 8
CONTROLQ

10-5 M

10-4 M
_1-3 M
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Aqueous extracts of cotton leaves, stemiis, roots,
flowNers, andcl bolls also contain a heat-stable, (lialyz-
able substance Nhich inhibits the enzvnlic oxidation
of IAA. The major effect of the inlhibitor is to
pro(luce a lag in the initiation of mieasurable oxygen
uptake.

The inhibitor-ind(luced lag is reduce(d significantly
or apparently eliminiated by light and( riboflavin.
Neither light (30-80 ft-c) or riboflavin signiificantly
re(luce(l the lag periodl alone.

Gossypol an(l kaemlpferol both inhibit cotton-leaf
IAA oxiclase in a mlaniner sinmilar to the natural in-
hibitor. Inlhibition by both is reversed by light andl
riboflavin. There was no stimlulation of IAA oxi-
dase activity wvith hydrogen pelroxi(le.
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