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.4bstract. Tissue manganese was found to influence the indoleacetic acid (IAA) system of
cotton over a wide range of concentrations. The cofactor and inhibitor activities of the TAA-
oxidase system were affected as the concentration of manganese in the tissue was varied.
Maximum inhibitor activity was found in leaf extracts from the plants grown in 0.5 mg/l
manganese (Hoagland's level). The inhibitor activity decreased in the leaf extracts of plants
grown at concentrations of manganese either higher or lower than 0.5 mg/I. Abnormally high
IAA-oxidase activity was found in the leaves of plants grown in deficient levels of manganese
(<0.0005, 0.005 mg/l) and the extracts from plants in the <0.0005 mg/l Mn treatment showed
TAA-oxidase cofactor activity.

Man.ganese has beenl reported to be either re-
(Itlired or stimu'latory for the acttivity of the indole-
acetic acid (JAA) oxidase system from pea (13),
bean (5, 13), pineapple (2), lupine (12), wheat
(14), Omphaliia (10), an-d cotton (8). Fuiruya and
Galston (1) found that preincubation of tissue
homogenate with mmanganese overcame 'the effects
of the inhibitor of IAA-oxiduase. Morgan, Joham,
and Am,in (7) found thiat leaf extracts from planits
grown with toxic levels of manganese (81 mg/l of
nultrien't solution in sand cuflture) exhibited a higher
capacity for the destruction of IAA than leaf
extracts from plants grown with ustual levels of
mianganese (1 mg/l). Analysis showed )lower in-
hilbitor activitty in leaf extracts from plants dis-
playing symptoms of manganese toxicity. These
studies (1, 7), involving addition of manganese
either to substrate (nutrient solution) or to in vitro
enzyme systems, indicate ithat the func-tion of
manganese in the oxiddation of IAA may not be
limited to its role as a cofactor for the enzyvme.
The elffect of low levels ogf substrate manglanese
and the resulting reduiction in tissue manganese oil
the IAA-oxida,se system has not been reported.

T,his paper deal.s wilth the relationship betweeni
the concentration of manganese .in cotton leaf tissue
and IAA-oxidase activity. Tissue manganese was
varied by growing cottonl plants at substrate man-
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ganese concentrations ranging from deficient to
toxic levels of the element. The effects of tissue
manganese on the IAA-oxidase system were tested
with assays of enzyme, inh'ibitor, and cofactor
activity.

Methods and Materials

Hydroponics Techniques. Cotton plants (Gos-
sypilum hirsuitum L.), variety Delitapine 15, were
grown in a greenhou,se in water cultu.re using
Hoagland's soluition. Levels of sub,5trate manga-
nese (as MnCl2) were <0.0005, 0.005, 0.5 and
5.0 m,g/,l of solution. These treatments were shown
to represent respectively, deficiency, border line
delficiency, standard Hoagland's, and border line
toxicity levels of manganese for cotton (D. M.
TaYlor, 1965, The Mangane,se Nutrition of Cottoil.
Ph.D. Dissertation, Texas A & M Un,iversity, Col-
lege Station).

The plants were grown in 6 liter plastic CO-n
tainers which were placed insiide a metal can to
eliminate bight. The nu,trient solutions were aid-
justed da,ily to pH 6.0 ,and were aerated with
fillitered air wThich passed through a glass tube into
the soluition. The ctultuire soltition,s weire changed
weeklyl to assure a constant supply of nutrients.
Transpired water was replaced wi;th deionized water
as required.

Putrification of Chemicals. The low levels of
nutrient manganese used in thlis stuldy required that
aill nutrient salts be purified and tha,t double de-
ionized water be used. Trace amounts of manga-
nese impuirities were removed from all the macro-
nutrients, except phosphtate, uising a hydrogen sullfide
co-precipitation technique. A near satuirated solu-
tion olf each salt was prepared to which 2 grams of

243



PLANT PHYSIOLOGY

zinc chloride and 1 gram of ammonium chloride
wxere added. 'The stock solutions were made alka-
line with concentrated ammoniium hydroxide and
heated to 800. Hyd(Irogen sulfide was btubbled
through each soltiti,on fo,r 1 hour. Dturing this
stage, additi,onal concentrated ammonium hydroxide
wacs adldedl as needed to keep the solution alkaline.
The solutions were then co,oiled and allowedI to
stand overnight. Sub,sequently, each solution vwas
centrifuged and the suipernatant liquid bo,iled to
drive off the tunreacted hydrogen sulfide and am-
momnta. The colloidal sulfuir was removed by fil-
tering the solutions througth Whatman No. 42
paper. Each solution was then analyzed for the
element in question an(d made to volume.

Since pho,sphate salts of zinc and manganese
are insoltuble, the trace amount of manganese
occuirring in the potassium bi-pho,sphate stock soilu-
tion was removed by adding 100 mg of zinc chloride
per li,ter of sollution. The resulting co-precipitates
of zinc anid manganese pho,sphate were removed
by centrifugation.

The micronuitrients, except iron, were purified
by recrystalliz,aition. Iron was purified by a modi-
fied isioipropyl ether extraction technique o-utlined
by Piper (9). Ferric chloride was dissolved in
concentrated hydrochloric acid and extracted 3
times with iso,propyl ethyl. TI'he iron was removed
from the ether fraction by adding water and helating
to drive off the ether. The solut,ion was then
analyzed folr iron and made to volume. Concen-
trated niitric acid was added to convert the iron to
the ferric form.

Chemtticail -Methods and Saaipling. Manganese
wvas determined by t1he pho,sphate-poitassium peri-
odate method (3). Oven-dried sampiles were ashed
at 550° in a muiffle furrnace. The ash was then
digested utsinlg concentrated niitric and 70 % per-
chloric acoid. The residue was dissoJved in nitric
acid aind phio,sph,oric acid (85 % v/v) was added.
The soiluitions were warmed on a hot plate and the
color xA-as develoiped by adding 30 mg off potass,ium
periodate. After cooling, the transmittance wN-as
read at 530 m,u with a Spectronic 20 co,lorimeter.
The concentration of manganese in each sample was
(letermined by c<oimparison to a standard cuirve.

Leaf samples were harvested at 12, 37, 72, and
135 daN,s afiter the nutrient treatments were started.
Eaclh sample was theni divided into 2 fractions
which were assayed fo,r man-garrese and IAA-oxi-
dase activity-. Since results at all harvest dates
were similar, only the data from the 37 day-old
plants are prelsented.

For tihe 37 daly-old pl)ants, the upper leaf samples
ineluided the 3 y-ouingest maini stem leaf blades
greater than 2.5 cm in diameter; while the lower
leaf samples inclulded the oldest 3 main stem leaf
blades. Duie to limited growth (0.67 g dr\ wvt per
plant) of the plants in the <0.0005 mg/l Mn
troatment, all leaf blades greater than 2.5 cm in

diameter were included in 1 sample for assay of
IAA-oxidas,e acitivity.

The leaf sample fractions used for IAA-oxidase
determinatioins were weighed immediately after har-
vest, washed with deionized water, bloitted dry and
stored at minuas 200 until assayed. All the steps
in the preparation and purification of the leaf
extracts were carried out in a 2° cold room. The
saimple,s were homogenized with a glass mortar
with 3 ml of deionized water per gram of fresh
tis,suie. The brei was squieezeid throtugh 4 layers of
cheese clioth and centrifuged at 22,000 X g for
20 mtinutes at 00.

The resulting supernaitant liquid (cruide extract)
was divided into 3 parts. One portilon of each
cruide extract was diluted 10 times w)ith water and
assayed for JAA-oxidase activity wiVthout further
treatment. A second portion was dialyzed in the
cold in 10 liters of water for 72 hours to remove
the endogenous inhibitor. After dialysis the ex-
tract was centrifuged as before and assayed for
IAA-oxidase activity. The third portion was boiled
for 10 minutes to inactivate the enzymes and pre-
c;ipitate the protein. It was centtrifuged, retturned
to volume and endogeinouts inhibitor acbivity was
determined iin the resulting supernaztant.

IAA-oxidase was as,sayed by a inanometric
system (6,8). Eacjh flask contained 30 JuM of IAA
in the side arm, 0.2 ml of 20 % KOH in the center
well with a filter paper wick and 1 ml of 0.4 al
Na,HPO-NaH,PO4 buffer (pH 5.8), 3 /M of
2,4-dichlorophenol, 3 u.\t of MnCl., 0.0319 Mm of
riboflavin, 1 ml of leaf ext!ract, and water ,in the
main compartment to give a total volume of 3.3 ml.
The assay was conductted at 25° in room light after
being equ,ilibrated for 15 minutes. Duplic,ate flasks
oif each extract were assayedl. Each flask con-
tainefl extract from 27 mg fresh weighit of tissue.
Omisssion of IAA, 2,4-dichlo,rophenol1, manganese
or enzyme was previously shown to el"iminate oxygen
uptake in the assay (6, 8). Other mono hyndroxy
phenols will substitute for 2,4-dichlcorophenol (11).

The assay for cofactor activity was iidentical to
the IAA-o-vidase assay except that 2,4-dichloro-
phenol was omitted from the reaction flask. Under
this condition oxygen upitake by the crude leaf
extracts indicated presence of both IAA-oxidase
and a native pheinolic cofactor. Appropriate blanks,
containing boitled extract, were run to determine
oxygen uptake due to ithe other constituents.

In order to determine the amount of endogenous
inhibitor, the boiled extracts were assayed with a
standard acetone purified, cotton-leaf enzyme prep-
aration (6). The IAA-,oxidase assay was used.
Relative inhibitor ac'tivity was measuired by the
length of the lag period which was induced by
0.3 ml of the boiled extract. A control flask, which
contained water in,stead of the boiled extract, was
included with each assay.

The inhibitor(is) in cotton is heat stable, dialyz-
able and its activity follo.ws total phenol level
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(6, 8). Increasiing the amount of inhibitor in the
form of boiled, coltton-leaf extract or phenolic
materials such as gossypol, kaempferol, scopoletiin,
pyrogallol, fertulic acid, galliic acid, catechol, querci-
trin, caf feiic acid or chlorogenric acid. increased the
lag in oxygen uptake in the assay in a proportional
manner (8, 11). The lag-induictiion by either native
inhibitor or phenolic materials is reduced by con-
ductiing the assay in the light with added ribo-
flavin (8).

Results

The content of manganese in the tupper and
lower leaf fractions at each level of substrate
manganese used in this study is given in table I.
The manganese content of the leaf fractions variedl
from 5.6 ,ug/g dry weight of leaf tissuie from the
u1pper leaves of planits grown with 0.005 mg/l
m,anganese to 1282.7 ,ug/g in the lower leaves of
plants grown with 5.0 mg/l manganese. Presu.m-
ably, tissuie manganese in the plants grown in
<0.0005 mg/1 manganese was lower than the level

Table I. The Influence of Substrate MWanganese oni the
_lJanganese Concentrtioni in Leaf Tissue of

37 Day-old Cotton Plants

'Manganese
Manganese in Leaf sample

nutrient solution Upper Lower

ing/l mg/gini dry wt
<0.0005 . . .1
0.005 5.6f2 11.5e
0.5 168.7c 251.2c
5.0 746.5b 1282.7a

The concentration of manganese in this tissue was
not determined due to lack of plant growth at this
nutrient concentration.

2 Each datum is the mean of 4 replications. Means
followed by the same letter are not significantly
different at the 0.05 level of probability.

observed with the 0.005 mg/l itreatment. In all
treatments, the concentration of manganese was
higher in the lower than in the upper leaf fractions.

The effect of differenit levels of nutrienit man-
ganese on the IAA-oxidase activity of crude ex-
tracts of upper and lower leaves is shown in
figure 1. At all nuttrient man!ganese levels, IAA-
oxidase activ;ity was found to be highest in extracts
obt,aineed from the lower leaves. The leaf extracts
from the uipper leaves exhibited a 4lag before oxygen
uptake occurred, while n,o liag period was evident
in any of the lower leaf extracts. Leaf extracts
from planits grown wiith <0.0005 mg/l manganese
had the highest IAA-oxidase activity, and there was
no lag period.

Although differences in enzyme activities of the

MINUTES
FIG. 1. IAA-oxidase activity of crude (non-dialyzed)

extracts from leaves of 37 day-old cottoni plalnts (growi
at different stubstrate levels of manganese.

lower leaf extracts from the different manganiese
treatments were small, the order of activity from
highest to lowest was the same as in the uipper
leaf extracts. IAA-oxidase activity in the leaf
extracts from plants grown with <0.0005 and
0.005 mg/l manganese (deficient levels) was highest
f(olloIwed in order by leaf extracts from the 5.0
and then the 0.5 mg/l manganese treatments.

After the leaf extraots were dialyzed to remove
endogenous inihibit,ors, the retlative IAA-ox,idase
activities for different leaf extracts were agaill
measured (fig 2). In spite of the fact that the
sample firom the planits in the <0.0005 mg/l man-
ganese treatment contained uipper leaves, which
normal'ly have low IAA-oxidase activity (6), this
extract demonstrated the highest activity. Among
the other 3 manganese levels, (the uipper leaf ex-
tracts from the plants in the 0.005 mg/l Min treat-
ment were higher in IAA destroying capacity than
the lower leaf extracts from the plants grown with
0.5 and 5.0 mg/l Mn. This high activity inl the
upper leaves from plants in the 0.005 m'g/l Mn1

MINUTES

FIG. 2. IAA-oxidase activity of dialyzed extracts
from leaves of 37 day-old cotton plants grown at dif-
ferent substrate levels of manganese.
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Table II. L ,1 -Oxidase linhibitow Activity oj EXtiractt
of Leaves of 37 Day-old Cotton Planits Grown at

Different Snibstrate Levcls of Manganese

MainganLesZ ill
nutrient soltitioli

< 0.000(5
(.005

5;.0

Leaf
description

Upper an(d lowx er
UTpper
Lower
Uppei
Lower
Upper
Loxver

Discussion

'T'his stuidy confirms thait toxic levels of suib-
Inhibitor- strate manganese (7), here re,presented bs the
activitx.i-l .> mg/l treatment, modify tthe IAA-oxiclase system

LeIxgth of lag otf cottoun as measuiredi by in vitro assays (fig 1,
period tabhle II). Fturthermore, tihese data are the first

ev i(lenice tihat (leficient levels of manganese produticepll'anits with an abnormal IAA-oxiidase system when
0 i72 co,mpared to n,ormal m-angianese nutrit-tioni.
0

140
0

93
0

Inhibitor acttivity of boiled, crude, extracts tested,
longer 1l1- indicates moiIre infiibitor activitvs

treatmnent was also in contrast to aL muIIchl loweer
ac,tiviIt in u-ppe,r leaves from plants grow-n\ iln 0.5
.and 5.0 mglI manganese. The enzyme activity was
of the sanme order of magn1itude in the dialyzed
extracfts for the upper leaves from botih the 3..5and
5.0 mg /'1Istb,stra,te manganese treatments. The
same relactio,iship existed for the 1l(d leaves of
the,se 2 treatments.

'T'he relative inhibit,or aLtCivity o.f the boiled leaf
e\tracts is presented in tabile II. There was no
measuirable lag p)eriod produced by the extracts
from the lower leaves from any of the manganese
substrate levels tused. T'he greatest inhibitor ac-
tivity (lag period) was fouind in the upper leaf
extracts from planrts in the 0.5 mg/l manganese
trealtment. The lowesit inhibi,tor activity in the
t!pper leaf exitracts was from plants grown with
0.005 mg/l of manganese wi:th the 5.0 mg/Il Mll
t,reatmen,t being intermediate. Althoutigh the b)oiled
leaf extract!s from plants in the <0.0005 mg/i
manganese treatment contained uippeer leav-es. no

inhibitor activity couild be demonstrated.
The crude leaf extracts were assayed for IAA-

oxidase activity Without the addition of manganese
to the assay system. The cruide extracts from the
lower leaves of the plants grown in the 5.0 and
0.5 mg/l manganese solutions gave consi(lerable
enzyme activity (160 and 60 ul O.. iuptake in 60
mins). All extracts from plants in the 0.005 an(d
<0.0005 mg/Al Mn treatment showed slight activity
(<20 lI 0°2 uiptake in 60 mins) and all other sam-
ples were iinactive.

Cofactor activity was evaltuated in the crtude
leaf extracts which showed low inhibitor activity.
Extract from plants in the <0.0005 mg/l Mn treat-
menit showed significant co,factor activity. .-After
blank correctlion, the cofactor a2ssay from this
treatment showed 65.3 pl 02. uiptake in 150 minui,tes
whvile oYther low inhibi.tor samples (0.005, 0.5 and

5.0 mng/l MIn) did not stupport oxygen iuptake.

.\ iajor effect of manganese nutriltioll onl the
IAA-oxildase system in coitton appears to be on the
cofactor and inhibitor activity of the enzyme sys-
tem. Maximum inhibito,r activity was present ill
the uipper leaf extracts whjen the concentration of
bissule m;anganese was 168.7 Ig per gm dry we.ght
(0.5 nmg/l Mn treatment) table I. The inhibitor
activmity w as reduced when the concentration of
leaf maicnganese was increased or decretased from
the level present in the pllants grrowin in 5.0 mg/l
manganese. Also, there was significant cofactor
and Ino inhibitor acitivitN in extracts from plants
gro-wn in the <0.0005 mg/I Mn treatment, bult
tisseic manganIese was noit determilned duie to inl-
sulfficient leaf miaterial. These resuilits indicate that
the biosynithesis or at least the activitx of the native
cofactor anid inhibiytor (f the IAA-oxidase s\ stem
\Axas infltuenced bx the concentrat,ion o(f manganese
ill the leaf tissule. This and prevriousx kork (7)
xhows that both uinuisuially high or low levels of
tnanganese modify TAA-oxidase, inhibhitor acitivritv.

A second effect of manganese inutritionl on]
IAA-oxidase activity was note(d (table II). WV1-ith
extracts dialyzed to remove niative inhibitors., IA \-
o,x;dlase actfivitx' of \-ouno leav-es of plants M the
0.005 mg/4 mnanganeise treatment xw as similar to that
of old leaves of plants grown in 0.5 mg/- manganese
(Hoagland's level). This relpresents an increase of
activioty in the young leaves since they generally'l
have lower IAA-oxidase activity th,an old leaves
froni the same planit (see 0.5 mg-1 manganese treat-
menit, fig 2, and ref 6). Allthough not assayed
separately, the same abnormally hiigh TAA-oxidase
activity must have been present inl \0oulng leav,es of
the plant in the <0.0005 mg/l manganese treatmnent
since a conmib:ne,(l ssaml)le of -oulng and old leaves
produced the hr;ghe,st IAA-oxidase activity per gram
fresh weight in this study.

'T'he role of manganese as a cofactor in many
TAA-,oxidase systems has been established by earlier
xvork (2, 4, 5, 10, 12, 13, 14) and is suipported by the
present results. Nuttrient manganese, therefore,
probalbly has a dtial affect on the IAA-oxidase
sysitemn A) it affects the level or activ.ity of the
cofactor(s) and inhibitor(s) of the sy,9tem, B) it
acts a, a cofactor of, the enzyme. The resuilts of
this study are compaitible xxith the lhvpotlhesis that
L ,\A-oxixdtse functionls in -i.Zvo in ligh,t-grox ii cottoii
pl.nlts (6,7,11F.
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