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Introduction

Iron is a constitulenit of the hemiie of catalase, cvto-
chroniie oxidase and peroxidase and( iron deficiency is
kinow-n to del)ress iron l)orphyriln enzymlies ( 1. 3. 9.
14, 22, 27. 35). There is hardly any informiiationi onl
the effect of iron supply on enzymes for which iron
is not a cofactor. The work presented here was pri-
marily carried out to investigate the effect of graded
levels of iron supply, ranging from acute deficienicy
to excess, on nonheme enzymes, starch phosphorvlase.
fructose-1,6-diP aldolase, acid phosphatase, trans-
aminase and ribonuc'ease, in addition to that onl the
hematin enzymes catalase and peroxidase. Investi-
gation was also carried out to find out whether ad-
ditional iron supply would restore chlorophyll and
enzyme concentratioin in iron deficient plants to the
levels found in plants receiving normal iron supply.

Materials and Methods

i\Iaize (Zcti mays L. var. Deccanl. hybrid) anid
radish (Raphanius sativiis L.) plants were raise(l at
6 graded levels of iron sul)y)lv. 0 004. 0.02, 0.1. 0.2.
(O.5, all(l 1 nim for niiaize; 0.005. 0.01, 0.02. 0.1. 0.2.
anld 0.5" ni.Ni for radish. Iroll was supplie(d as ferric
ethyleniediamiiiiie tetraacetic aci(l (Fe-EDTA) pre-
pared from equimolar solutionis of ferrous sulphate
and disodium salt of ethylenediamine tetraacetic acid.
The other macro and niicroniutrient elenients were
supplied as: 4 nmix Ca (NO3)2; 4 mM KSNO,; 2 mM
MIgS04; 1.33 nmM NaH,P04; 10 /LM 1\InSO4 * 4 H2O;
1 yM CuSO4; 1 /LM ZnSO4; 33 AM H3BO3; 0.2 F.M
-Na.,M/[oO4; 0.1 t0I CoS04 and 0.1 juam NiSO4.

Plants were raised in acid washed silica sand
contained in bitumen painted clay flower pots. Sand
was purified according, to the procedure worked out
by Agarwala and Sharma (2). Deionised water
containing 0.1 um iron was used for culture. Macro-
nutrient stock solutions wvere depleted of iron by
phosphate adsorption technique described by Hewitt
(20) and micronutrient solutions were prepared from
recrystallised analytical reagent grade salts. The
diluted nutrient solution was supplied daily except
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onl weekends. hlen )pots were flushed with dIeioliized
water. The pH of the lnutrient solutioin which
drained out of the culture vessels raniged between 6.7
to 7. For eaclh treatmeiit ther-e were 30 to 50 pots
ranldomiiized in 2 blocks.

Maize anid radish plants were samiipled at 20 anld
23 days growth respectivelv and estimations were
niade for yield, chlorophyll, tissue iron, protein nitro-
gen and for enzVnies; aldolase, acid phosphatase,
ribonuclease, catalase, peroxidase, starch phosphory-
lase and alanine-glutamate transaniinase. The last
2 enzymes were estimated in radish only. The en-
zyme assay was carried out in the extracts prepared
from the top parts, the youngest expanded leaf and
the one next to it, of both the p'ant species and in
roots from maize.

At 25 days in case of maize and 23 (lays in case
of radish, 1 m,Ni Fe-EDTA was supplied to some of
the pots in which plaiits showed effects of iron de-
ficiencv; 0.02 aild 0.1 mi\i ironl in case of maize and
0.005 anid 0.01 ilmi iroii in case of radish. After the
commlenicemilenit of additionial iron supp)lv to the de-
ficielnt plants suitable saml)les for chlorophyll estimla-
tions anld the assax of enzvmes. founid to be affecte(d
1, ironi supply. were dlrawnl at 24 anid 72 hours in
case of miiaize alid 48 and 96 hours in case of ra(lisl
to fiiid out to what extent iroii deficiency had been
reversed.

Enzymes w-ere estimiated oii crude tissue extracts.
For acid phosphatase, ribonuclease, transaminase,
starch phosphorylase aind aldolase assay, finely
chopped leaf lamina or root materia! was chilled and
ground with acid washed silica sanid in a chilled
pestle and niortar in glass distilled water in the pro-
portion of 1 g fresh material to 10 ml of glass dis-
tilled wvater. Teniperature during the grinding pro-
cedure was maintained below 5'. The crude extract
w\as strained through 2-fold muslini. Extract for
catalase and peroxidase was prepared as for the other
enzymes except that the fresh chilled tissue was
ground in 0.005 Ai potassium phosphate buffer pH
7instead of glass distilled water.
Ribonuclease was determined bv the method of

-McDonald (24). pH Optimum for ribonuclease in
maize and radish was found to be 6. Ribonuclease
activity was measured in citrate buffer pH 6.

Aldolase was estimated by an adaption of the
method described by Stumpf (33). 0.2 ml of suit-
ably diluted enzyme preparation was added to 0.2 ml
of 0.2 \i potassium cyanide acidified to pH 9 and
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0.2 nil ot A.1 iM eronial b)uffer pH 8.5 in a cenitrifuge
tube miaiaitainie(l at 30' for- 5 imiinutes. 0.2 nil of
0.05 NI fructose-1i 6-diP was thieni adlded. TI'he reac-
tion1 xvaIs allowed to conltinuc for 20 miniltes. The
reaction was stopp)e(l by ad(ding I mil of cihilled 10 c/C
trichiloroacetic aci(l. Blankswxith trichloroacetic aci(d
a(l(le(l lefore a(dding fructose-1. 6-diP xvere runi si-
iitltaneotllv. The reaction miiixttire wvas ceitri-
fuged for 10 minutes at 400 X g at 4 in a re-
frigerate(d cenitriffuge. Tlso 1 mil of the supernatant
solutionl was adde(d 1 ml of 2 % NaOFH. After
stan(ling for 20 mililnites at room temiperature the
alkaline imilxture was neuitralize( with 0.1 N- H..S()4
all(l Pi dleterminie(l ill a suitable aliquot 1w the miiethodl
of Fiske and(I Subbarow (16).

Starchi pl)osphorylase in radish xx-as estimiated by
the metho(d of Green anid Stumipf ( 19) as miodified
by Srivastava an(l Krisiliman (32).

Aci(lplhophatase was estimate(d by a minodification
of the miiethodl of Schmidt (31). The reaction milix-
ture conitainiedl 0.5. nil of 0.1 \i acetate buffer pH 6.
0.2 ml of (0.1 M sodiumlii -glycerophosphate, 0.2 ml
of g-ass (listille(l water and 0.2 ml of suitably dilute(d
enzymie l)rel)aration. 'T'he reaction was carrie(l out
at 3()0' in a xx-ater bath for 20 mintites when the re-

action was stol)p)e(l 1y adding 1 nil of chilleed 10 °lc
trichloroacetic aci(l and( the miixture centrifug,ed at
400 X y. 'I'he supernatant fraction was al)l)rolpriate-
1v dilute(l and Pi determiinle(d in a suitable aliqluot 1y
the iethod(ldescril)edl bv liske anidl Subbarow (16).

Alanine-glutamllate transaminlase activitv in radish
\\.as assayed by an adaptation of the miethio(d of .\s)el
ancid M\eister- ( ) . The stanl(lar(d test assay conlsisted
).1 nil of 0.1 xi a ketog-litaric aci(l 0.2 mil of (0).1
alanine: 0.2 nil of () 1 NM )otassiulm plholihate bufffer
1H 8; and(l 0.1 ml of 0.0`1 % pyridoxx'l phosphate in
a centrifuge tube. The reaction was starte(l by add-
ing 0.4 ml of suitably (liltted enzynie lrel)aration and
the incubation wx as carried out at 37 for 1 hour.
The reactiol was stol)l)ed 1 ad(dinig 2 mll of hot
ethiallo aliad the conltents were centrifuge(d at 400 X

ql. G1lutamic acid forimied was estimiatedI in a con-
v-eniienit volume of the sulpernatant after separation
1b paper chromatography 1y the metho(d of Giri et
al. (18).

Catalase w as estimilatedI by the miethio(d of Euler
an(l IJosel)hson (14).

Peroxidlase xvas ileteriniiied by the methlo(I of
\Willst,itter alnd( Stoll, as miodifie(d by Suminiier and
Gjessing (34). T'he reactioln was carrie(I otit in a

water bath at 1 5 T'he purpurogallin formie(d was

extracte(l in etlher and(l measured colorimetricallv.
The actixvity of the (lifferenit enzymes wvas esti-

matedl in the ranige in which the activity x as found
to he l)roportional to the enzyme conicenitrationl in
the cru(le extract.

D)rv miatter yield as deterinilied by (drving the

planlts ill a forced (draft oven at 70' for 24 hours.
Slince the (lrv miatter wxas re(Iuire(d for the estimiiationi
of tislsue iron, fresh miiatter kept for (Irvilln Was
thior(tIgil]k cleanle(I lagailnst suirface contaniilationbn

first xvashing in runnlinig dleiolize(d xater for a short
(ltirationi anld thenl rinsing xxith glass (listilledI x-water.

Chloroplhylll xxas estimiiated colorilxetrically in ace-
tonle extracts hb the imietlho(d of lPetering et al. 29)
'T'hle calibration curve for chlorophyll xas pireparedl
bv the miiethodl of Conmar and(I Zsclieile (12 ).

Total ironi xwas (leter-inle(l colorinmetricallv a,

fer-rous-ortlhol)llelna,nthrolinie c01mlplex by the nmetbod
(lescrilbedl 1w Humphries ( 19) after \\et (ligestionl of
the oven-drie(l sxamples wxith nitric-l)erchlor'ic acids
carrl-ie(l ouit accor(ding- to Piper ( 30

For exp)ressinig the enzymies oll the lprotein nlitro-
g-ren basis estimilation xxas miia(le of the protein nlitr()-
gen 1b the milcro-K'eldahl metho(d inl the crud(le en1-
zyme l)rel)arations madle for enzxme assax after pre-
cil)itation x-xith 2() % trichloroacetic aci(d anld cenltri-
fugationl at 710O X y. The resi(duie xw'as treate(l ill
cold for 2 hours xith 2 % salicylic acid in sulphuric
aci(l. The salicx lic acidl xwas remox ed 1) hecating-
xith l)oxdered <odlium. thiostulphate. The salil)le
xwas thenl (ligeste(l 1)v the miietho(d of Chibluall et al.
(11 . The (ligest xxas made to volume. The ami-
milonia )roduce(l as (listilled 1)b steami (listil lation
in a Markham al)l)aratUs ilito a boric aci(l buffer ill
ani ammnilloia-free atmilosphere and(I estimiate(d by titra-
tion xvith 0.007 x 11, S ) conltaining Conlxav adld
()Mallev inidicatot- ( 13

Results
At lox levels of ironi sil)lplp (().()()4-().1 mIInI i

maize and((.0).(5(-0).(02 nm1 in ra(lish ) the groxw th of
plants, both tops an(l roots, xx as significantly ic-
stricted ( fi 1) 'I'lle optiiutini ield of naize xx as
obtained at 0.5 in xi and(I that of radlish at ().1 1n1i il'r
siul)l)ly. Plalits raised at lox\ levels of ironi Supply
levelol)edl chlorosis of the younger growxths. In
maize. chlorosis appeared in 4-(lav-old see(llings
raise(d at 0 004 to 0.2 nm:\i ironi supply. Whlile at

0.004 and(1 0.02 mllnN iron supply the enitire seconid and
the siul)sequently emerged leaves wxere severelx chlorn-
tic or bleached, at ().1 and 0.2 mi-in ironl supiply Cchbor-
1is xvas restricte(l to intervenal areas of the yotiungr
groxvths. At later stages of groxxth the severity of
chlorosis at (0.2 mlni ironi supply dlecreasedl. In ra(lish,
at ().(00)5. to 0.02 min ironl stiplyl, 1riglit fromil thc
emiiergenice see(llings lia(l lar-e and fleshxh pale coy-

ledons and(I the leaf laminiia xx as markedly restricttd(I
and severely chlorotic. Later the enitire lamilia 2)e-
came alimlost bleached and ilntervenal areas became
necrotic.

Within the ranlge 0.004 to ().5 linxi in maiize an
0.005 to 0.2 mxi in ra(lislh inicrease in ironi supply
brought about an increase ill protein nitrogen.
Marked and( significant depression ill plrotil nlitro-
,gen xxas fouind at anl iroll suipplv of ().()()4 and 0( (_2
sinI in maize an(l (O ()()05 and ().()I01 _i in radish ( fig
2.

At the suboptimal lexels of ir-oi sti)l)lx <O..((.5mi
in milaize and( < ().I in xi in radish. chlorophyll cm)l-
tenit xx as markedlx aiid sig,,nificaitly (lclres.s(l ( fig
3')
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FI(;. 1 (,top). Effect of ironi supply oni the yield of
radish and maize plants.

FIG. 2. (iiiiddle). Effect of iroIn supply oIn proteinl
nitrogen content of radish and maize plants.

FIG. 3. (bottom11). Effect of ironi supply on the chloro-
phyll content of radish and maize plants.

The iron contenit of maize leaves did not show
any definite trend in relation to iron supplv. In
radish leaves iron content increased with an increase
in iron supply but even in this plant species the in-
crease was large enough to be significant only at
the highest iron supply. In both radish and maize
iron content of roots increased with an increase in
the ironi sup)ply; but the increase reached the level
of sig,nificance only at 0.2 and 0.nmMt iron supply
in radish and at 1 i1mI iron supply in maize.

In the extracts of leaves of plants raised at low
levels of iron supply (0.004-0.1 nmM in maize and
0.005-0.01 mM in radish) the activitv of catalase was
significalntly reduced (fig 4, 5). The activity of
catalase in the extracts of mlaize roots (lid not sho%v
any definite trend( in relation to iron supply.

In the leaves of radish plants raised at 0.005 m1IN
iron supply peroxidase activity was almlost equal to
that at 0.1 mm iron supply but at 0.01 and 0.02 mlim
iron supply peroxidase activity was signiificantly de-
pressedl (fig v5). Significalnt (lepressioni in peroxidase
activity was also fouind in the crude extracts of leaves
of maize plants raised at 0 004 to 0.1 mm iron supply;
but in maize roots peroxidase was stimulated by -iron
deficiency, the stimulation at 0.004 and 0.02 mM iron
supply being nmarked and significanit (fig 4).

In the extracts of leaves of maize plants raised
at 0.004 to 0.02 mNi iron supply and radish plants
raised at less than 0.1 mm iron supply the activitx
of aldolase was significantly lower than at higher
levels of iron supply. In the latter, at lower levels
of iron supply (0.005-0.02 mM) the activity of phos-
phorylase was also significantly depressed (fig 5).

In the leaves of both maize and radish iron de-
ficiencN, caused a significant increase in the activity
of acid phosphatase. Siignificanit stimulation was
also found in ribonuclease activity of maize plants
grown in the range of iron supplv 0.004 to 0.01 mNi
and of radish plants in the range of iron supply
0.005 to 0.02 mni. (fig 4, 5). In radish alanine-gllta-
mate transaminase also showe(d marked and signifi-
cant stimulationl at low (0.005-0).01 nmM) iron supl)Ilv
(fig 5).

Neither the depression in aldolase in maize and
radlish nor that of phosphorylase in radish was miti-
gated by the addition of Fe' or Fe'+ iron to the
crude extracts of plants growin at low levels of iron
supply. The Fe"' complexinig agents, a., a-dipyridyl
and o-phenanithroline did not inhibit the activity of
aldolase and phosphorvlase in radish and maize
plants.

Supply of additional iron (1 lm) to lplants raised
at deficient iron levels (maize at 0.02 and 0.1 ilmNi,
and radish at 0.005 and 0.01 mm iron) brought about
a marked and significant increase in chlorophyll and
w-ith 1 exception increase in protein nitrogeni (fig
6). The enzymes, catalase, peroxidase and aldolase
(fig 8. 9) in both the plant species investigated and
phosphorylase in radish raised at low levels of iron
supply also showe(d a marked and significant increase
on application of additional iron (fig 7, 8). The in-
crease was appreciable even after 24 hours of the re-
coverv treatment inl maize and 48 hours of the recov-
ery treatment in radish. In the former, 72 hours af-
ter the comniencemiient of the recovery treatmenit to
plants raised at 0.02 milm iron suppl., chlorophyll,
catalase, peroxidlase and aldolase became as much
or even more than in plants raised throughout at 0.1
mm iron supply; andl in plants raisedl at 0.1 mmr iron
suipp)ly, chlorophyll. l)eroxi(lase and aldolase became
almlost as much as and catalase even mlore thanm that
in the leaves of plants raised at normal (0.5 mni )
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iron supply (fig 6, /7). The effect of additional iron
supply as often even more mlarked in radish than
in maize. In radish 48 hours after the supply of
additional iron to plants raised at 0.005 mm iron, the
activity of catalase in these plants exceeded that in
plants raised at normal (0.2 nim) iron supply (fig
8).

Acid phosphatase and ribonuclease w-hich in the
extracts of maize and radish leaves showed a stimlula-
tion at low levels of iron supply were not brought
back to normal bv the additional iron supply (fig
7. 8). The stimulation in transamiiinase in radish
became less marked 48 hours after the supply of
additional iron to iron deficient plants (fig 8).
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Discussion

\ poor correlationl in the ironi colitenlt ani(l iroll
upNl)lv was fotiuid in to1) I)arts of iaize p)lants as hlas
also l)eeil recently rel)orted for some othler plants

1. l). 22).
In res)ect to the depression in both catalase and(I

leroxi(lase at the (leficielit levels of ironi stil)liv the
restilts obtaille(l here aire in accord xxvith DeKock et
al. (14) an(l Nicholas aln (;oodn)ani (27 ). anld in
resJ)ect to catalase only. with those of \Weinstein and
RIobbins (35), 1Banler-jee (() ), .\garxwala anl(l Sharml-ia
(1 ) Marsh et al. (22), and( Agarwxala et al. ( 3
Thle (lel)ression ill catalase ail(l l)eroxidase along with
that of chlorophyll cotild he. as has l)een pointel olut
1v several workers. (itle to (lel)ressioii il the syntlie-
sis of l)rotoporphyrin (1 , 23).

h'l'e restilts inidlicate that synthesis of aldolase ailIl
phosp)horylase, for xxhich iroli has nlot been shoxwi
to he a cofactor in higher plants, i. affecte(l lby ironi
deficiencv. Recoverv exl)erinments 01) radish carried
otit 1b supplving 1 m111 additionial irol) to planlts show-
ilng chiaracteristic ironl deficiencv effects. show that
the optimulii) ironi re(itlireiileiit for the syn-ithesis of
aldolase alid starch phosp)hlorylase is ex eni higher
tlhani for the i'ol p)orp)hyrin enzymes, cata-lase an1(d
pe'roxida.se.

'I'he possibility that in the plant species investi-
gate(l ferrous iroIl miax he a cofactor of al1dolase. as
hlas been shloxvn for bacteria ( 6 ) and( x erv recently
foir blue green algae by (;il)ls et al. ( 17 ). is partly
(lisconnilte(l bx the fact that nleithier thle aldolase ac-
tivitv in tile extracts frolm iron(leficieiit pllants in-
crease(l onl additioni of Fe ironi inor iroli complexilln
agelts e. .. (lil)v-ri(ldl or1 o-pheilailthrolille ilihi-
hited the activity of aldolase ii plant extracts. It
is possible that ironl or soni)e comlipoini(l. the n-llthe-
sis or activitv of xvhich is (lependent oni iron supl)plv
is necessarx for the formation of the specific pro-
teils, aldolase and(i phosphorylase in ratlish anld aldo-
lase in maize. Trhe (lepressioln in protein n)itrogren
w as lnot large enougih to accotlint for the (leleressioln
found1(i in the various enzymes. catalase. peroxi(lase
ani(l aldolase in both miiaize aln(d radislh anld phos-
phorylase in ra(lish. Iesides. aci(l l)hosphatase alid
rihonutclease in both imiaize and radlislh alnd tranis'-
miiniase in radlish xere founld to be stimulated bx- ironi
(leficiencv. It, therefore, appears that iron (leficien-
cv upsets the niorimial balance in the foriiaitioni of
(lifferenit specific proteins, the elizynies, some of
which are stimulatedl and others depressed. T'hi
x-would also account for the resuilts reported 1y several
xorkers (8. 25. 26, 27. 28).

Summary

\ study xvas niade of the effect of graded levels
of ironi supply ranlginlg fromii acnite deficienlcv to
excess, onl groxth, tisstue concentration of ir-on.,
chlorophyll Iand the specific activitx ()f enlzVn:"es,
catalase. p)eroxidase, fl-ructose-1. 6 (hi)hoslphte aldo

lase, acid lhosphatase. ribonutclease. pllopholr lao.
transamill-iase, in maize (Zca omovs I. ) an(l ra(lish
(Raphanuis sativius L. ) planits groxvn in sandl cin tilre.

The optlimal yield of ili 7.e an1d ra(lisl xas o0)-
taille(l at (.5 and(l ().1, m i ron suil)l)lv. reslpectivxle.
In both l)lan)t sl)ecies characteristic iron (leficiel)cV
effects xere produced at loxer levels of iroin sul)l)lV
The chlorophyll conltelit of the 2 p)lanlt sl)ecies x as
relate(d to the level of iron supl)l)l. In radish tissuie
iroii inlcrease(l xith an inicrease ii) iron supply hut it
xas nlot alxx avs so in the tol) harts of iaize l)lallts.

In both )lanit sl)ecies. cattalase. p)eroxidase anld
kldolase xwerc (lel)resse(l by iron deficiencxy. Phos-

phorylase in radish xas also (lel)resse(l by ir1 (le-
ficielncv. All the 4 enzvnmes xwhich xvere (lelpressedl
(Itie to iron (leficiencxv xvere to a large extelit r-e-
store(d to the niorimial level wxithin 72 to 96 houil-s of
the supply of addlitiolnal iroln to the (leficienit plants.
Acid l)hosphatase and rihoniuclease in both ilmaize
and ra(lish anidl tranisamiiniase in ra(lishi xere stinlill-
lated by- iroln leficiencx. This xoUld shox that ironl
is involved nlot only in the svnthesis of enzv-lnes of
xhich it is a cofactor as heme, but also in ennzxme1s
of xhich it is niot a cofactor. h'l'e synthesis of the
(iffereilt sp)ecific lprotein)s appears to be affected bx
iroln supply.
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