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Altlloutgh the iildllctioll of en-ynie sylntlhesis has
heen extensi-ely studiecl in luicrol)ial systenms in re-
cent years (21,31), comparable stu(lies svith higlher
planlts have received less attention. Substrate induc-
tionl (or enhaniced activity) of enzymes in higher
l)lants has been reported for nitrate reductase, gly-
colic acid oxidase, alcohol dehvdrogenase. alnd
IAA oxidase (1. 8, 12, 14, 15, 18. 22, 36, 37). How-
ever, these studIies have not achieved the level of so-

phistication of the microbial systcms in which induc-
tion has been showsn to involve de novo protein syn-
thesis requirilng messenger and transfer RNA, ribo-
somiies, energy source, and amiiino acids.

In initial stu(dies on nitrate reductase in higher
l)lants, atteimpts b) Evai-s all(l Nason (10 ) to show-
the adaptive (inductive) natuire of the enzymiie w\ere
inconclusive. Later. Calnle'a et al. (7) found(I that
nitrate fertilizatioln increased the level of nitrate re-
(luctase in enzymie extracts fromli cauliflo\\-ers. Fur-
tlhermiiore, niolvbdentnm dleficiellcv caused a (lecrease
iln nitrate reduictase level ani(l additioni of nmoly-bdenumi
restored iiitrate redutcinig capacity. Recelntly. Afridi
and Hewtitt (2, 18) confirmed the requiremiienit for
hoth nitrate andcl miiolvbdenunii for enzymie ind(uictioni in
catuliflow-er leaves. Comparable studies have been
ma(le b1 Chanlipignlv (8) with nmaize tissue.

Morris and Svrett (27 ) recently show-ed that
nitrate -\as necessary for the induLction of nitrate
reductase in Chiorclla and that ammiloniia prevented
this induction. Thus, this systemii has sDame similarity
to other microbial systems in wxhich the end product
prevents inductioni. 'Morton (28) and Kinskv (23)
demonstrated the requirement for nitrate in the in-
duction of the enzyme nitrate reductase in a variety
of microorganisms, and iir these instances, induction
was prevented by the presence of ammonium ionls.

As well as being, iniduced by substrate, it has fre-
quently been indicated that light nmav also control
nitrate reductase activity. Evans and Nason (10)
recorded that the level of nitrate reductase was low
in extracts from plants immllediately followilng a dark
period and suggested that a limited availabilitv of
photosynthetically reduced pyridinie niucleotide caused
the decreased niitrate reduction. In contrast, other
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sti(lies (7. 14, 16) ii(licate(l thlat enzyme inactiv-ation
or destrtuctioni occuirred when the l)lpilts were sub-
jected to dark or sha(le treatmiienit. Hagemian and(I
Flesher (14) deniionistrated that extracts pre)are(l
fromii greeni planits that had been exl)csed to inicreasilln
periods of darkness showed a progressive decrease
in niitrate reducing ability. N'itrate redtictase activity
was high in extracts prelpared from planlts w-hich
lhad beeni returned to the lighlt. Siiice anl uniliiiiited
amlouint of reduced pvridine nutic'eotide was always

present in the assay imedium, it was suggested that
light had a role in the ind(utictioni of niitrate redtictase
(14) rather thanl in the genlerationi of redutice(d pri-
(linie nucleotides.

This present work attemlipts to : A) e'ucidate the
effect of substrate, light, and(I temperature oni the
ilndtictioni of niitrate reductase in radislh cotvledon,s
and corni seedlings, alld B) delleelistrate, lw tlle ti e
of al)p)rolpriate inhibitors, whethler induetion of the
enzvmie was depeindent onl (e novo l)rotein synithesis.

Materials and Methods

Radish Sccdling-s. Cotvledons or intact seedlings
were obtained by sowing seeds (Rap/iamus sativ'ns L.
-ar. Cherrv Belle) onl 4 layers of cheesecloth in 3-
quart Pyrex utility dishes. After additionl of 150 ml
of dilute salt solution containinlg K.-,S )1 1.25 mni\
Ca (H,PO4)2, 0.25 m\i; and MIgSO4. 1.0 mit (ad-
justedl to pH 7.4 w-ith KOH), the dishes were sealedI
w-ith Saran Wrap (Dowv Clhemical Companv. 'Mid-
land, 'Michigan). Twenty smlall aeration holes were
punched in the Saran \Nrap prior to placing, the dish
in the controlled environment room (16-hr photo-
period, 2000 ft-c at 200 and 8-hour dark period at
15'). Etiolated seedlings were produced by placing
the dishes in a dark germinator at 270. 'Most of the
\-ork w-as done with 5-day-old nmaterial; exceptions
w ill be detailed later.

NN'ith the intact seedlings, induction was initiated
by the addition of appropriate amounts of substrate
solutioni (KNO3) to the Pyre.: dish; nonsubstrate
solutions for controls were added in the same manner.
Cotyledons were removed from this tissue at various
time intervals for assav. In the excised tissue studY,
cotyledons were removed and immlaersed in 25 ml of
applropriate medium (substrate, inhibitors, or con-
trol) contained in Erlennmever flasks. Samples for
assay were taken as described.

CoQ7 1 Seedlings. One huliidre(d corn seeds (Zea
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PLANT 1'I YS1OLOGY'

way!s L. var., HI 2 X ( )h7) xx-ere planted embryo
low-ni onl a layer (2 liters) of Krum, a colmlmiiercial

soil conlditionier (Ryolex Corporationl, Clhamiipaign,
Illinois), anid covered w\ith a second layer (0.8 liter).
The conitainers were I0-qtiart I)lastic panls with per-
forate(l bottoms. The Krumli w as satnratedl h-1 sub-
irrigation with a soltutioni of CaCl., l(i1 \i. Coni-
tainers wcre covered with perforated Saran \N rap
and l)lacedl in a dark germinator at 27 anid 90 %
relative humidity. To oltain the light growni nliateri-
al, tlle panis were tranisferred when the emliergenice of
the coleoptiles w-as complete (3 da\s) to growth
chambers (3000-4000 ft-c! 15 hr light at 217° anid 9
lhr dark at 23, w\ith 65 % relative hunii(litv at all
timies). From the fourth day onl, the seedlilngs were
subirrigated, as needed, with nutrient mie(iia of the
following compositionl: KSSO,, 0.25 ni-m; KH,PO4,
0.5 lITll; 'MgSO4, 0.75) lM; CaSO4, 1.0 mM;
(NH4)2S04, 2.5 nv-m N\H,Cl, 5.0 mM: Fe (as Se-
questrene 330, Geigy Agricultural Chemical Company.
Yolnkers, New York), 0.3 mni aind micronutrients
(19) alnd the p)H adjusted to 4.0 with H.2S04.
Since 7 to 11-day-old miiaterial xx-as used for the
iliductioll studies, it xx-as founid necessary to add
amimiiiloiiiulm salts to olbtain miiaterial of reasonable in-
(Ilictioln potential.

For the iniduictionl stuidies, the seedlinigs wvere ex-
cised at grounld level and( lplacedI in 430 nil of miiedium
conitaillinig tlhe desire(d level of substrate, inihibitor,
or nionisubstrate salts (colntrol). (Inhibitors were
always added 30 miii prior to substrate.) The miiedi-
um w-as held in 3-quart Pyrex dishes. A uniiformiilv

perforated plate (200 holes, 5 mlli diain ) of Plexi-
glas (2 mmn inch thick), cut to fit the inside dimen-
sio1s of the Pyrex dish, was used to submerge the ex-
cisedl seedlings in the medlium. Thini Plexiglas strips (2
ilfll X 10 mim) githed to I side of the plate provided
6 coimipartmiieilts to keel) tile seedliilg nllaterial evelllv
distributed over the bottomii of the Pvrex dish. N'or-
maaly, 3 seedlings wvere placed ill each comiipartmellt.
The dishes were placed oIn a shaker (100 cycles/
lliln) ill a controlled eilv-ironimlent chamber for the
induction of the enzyme.

Extractiont anid Assav. The tissue, radish cotvle-
dons or expanded corni leaves (the nongreen tissue
w-as discarded prior to extraction), was reilloved at
desired intervals from the incubation mediuni, rinsed
twice wvith deionized water, and blotted dry. The
tissue was minced with a razor blade and transferred
to the bleildor cup (MSE nmicrohomogenizer, Instru-
illelitation Associates Inc.., 17 WVest 60th Street, New
York). Normally, 10 radish seedlings or 20 radish
cotyledons and leaves from 6 corn seedlings were
used for a saimlple aind duplicate or triplicate samples
were takeil fronm each treatment. The tissue was
hiomiiogeniized in all extraction medium in a 4: 1 or
6: 1 ratio (v\, w) for 2 miinutes at illaxiilluili speed.
The extractioll illeditill was a lllixttire of 0.01 M

potassiumIn pllosphate, 0.01 x El ,()'I'Aand 5 X 10-3 Al

cv-steine adijustedi to pi 8.2xW ith HCI for ra(lisll tissue
aldCI 0.025 Mi potassitimi pl0Sp1late. .(iS xIFNDTA andI

10-2 Ni cysteine adjusted to p iH 8.8 with 11(C for cornl
tissue. TIle hon'ogenate was strliiied(l tlrough 4
layers of cheesecloth ilto p)lasti' ceiltrifuge tuhes
anid ceiltrifuge(d at 15,000 X g for 15. illillutes. The
superilataint was saved anid used forl- asax of enzyme

(14), proteini (24). ail(l ilitrate (40).
Inhibitor ,Sti(lics. In or(le- to deterniuniile it the

iil(ltctioin inlve\t'd oi-was dependent upion plroteinl
svnthesis, use was miiade of inihib:tors known to

funictioni specifical'y in preveiltinlg polypeptide for-
milatioll. The inihibitors used were as follows: Acti-
ionivcin D, whichl associates wxith the gtuanine residues
of D.NA anid tiltis prevents DNA-depend,lent synthesis
of RNA by RN \ polyillerase (13) and, in turni,
proteiii svnthesis. P-uromycil lias l)eeil showxn to

compete with the tranlsfer-RNA-aniilo acid coillplex
aild thus prevents polypeptide formlationi (30). Chlo-
ranmphenicol has heen show1n to prexeilt proteinl Svil-
thesis and at the samiie tiule stimulate RNA syvitliesis
in bacterial svstems (6, 35, 39). \While chloram-
phenicol has been shown to iinhibit protein synthesis
in plant systems (26, 34), the concentrations were
considerably higher than those used in microbial
svstems. Since it ilas been demiionistratedl receiltlv
that clliorailll)llenlicol preveilts illitoclloildrial oxida-
tive phosphorvlation (17 ), its illo(le of actioni in
preventing plroteiil synlthesis iil plailts is somllewlhat
dIlbious.

It lias been sllOh\\i thlat 8-a 'agtiliaine aii(l 5-
fluorouracil inilibit protein syiltlhesis ill l)acterial andl
planlt systems (4, 9, 33), presullably (Itle to the for-
ulation of ilonftiiletioiial or spuriotis RNA.

Ethioniine aild p-fluoropheilylalailinie, as xell as

other amiiino acid ailalogues, prexenlt proteiil svilthesis
ini many systemls; howvever, the extenit of their action
is variable (32).

Ill order to study the effect of these iinhibitors oil
the iilductioli of nitrate reductase bxy nitrate, cotvle-
dolls or leaves xere detached fromi nitrate deficient
radish or corn seedlings and floated for 30 miinutes
in solutions of the various iilhibitors adjusted to pH
7.4. After this 30-nlinute preinculbationl period, ni-
trate wxas added to the bathiilg solutioni to a final
coilcentration of 10-2 xi for radish cotyledon aild
10-1 xi for corn leaves. Incubation in the presence of
inhibitor and nitrate x-as continued for 3 hours, after
xvlhich time the mlaterials xvere reillovedi anid extracts
prepared for assay.

Experimental Results

J'itrate anld Liglht. Initial experimiienits xith intact
radish seedlings denlonstrated (table lA) that of
the 3 salt solutioiis [KCI, (NH4 )2SO1, aild KNO]
used, only- the KNUO: treatmeileit resilted in einzviie
iilduction. There xvas a progressive inicrease in ni-
trate reductase activity xvith tillle; Ilowever, a plot
(of this data suggests ani initial lag in iil(itictioil.
Subsequent experimiienlts (table B) conifirmed the
occutrrenice of a .30 u-lilute lag )erio(d.
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BEEVERS ET AL.-INDUCTION OF NIT'RATE REDUCTASE

Table I. Requirentici for Nitrate for the Inductions of Nitrate Reductase

693

A. Intact 5-day-old radish seedlings (220-2000 ft-c)
Induction media KCl(10-2 M) (NH4)2S04(10-2 M) KNO3(10-3 M)
InductiOn time (hr) Activity (NR*)

0 0.017 0.017 0.017
1 0.011 0.010 0.041
2 0.015 0.020 0.092
4 0.010 0.021 0.174

B1. Excised radishl cotyledons (30(-200 ft-c)
Iniductioni media (KNO3) 10-2 M 5 X 10-2 Al 10-t at

Inductiol1 time (min) NR NO3-N** NR NO3 N** NR NO3 N**

0 0.11 0.0 0.11 0.0 0.11 0.0
15 0.15 8.3 0.10 75 0.11 140
30 0.15 25.0 0.12 166 0.12 315
45 0.21 33.3 0.19 233 0.15 458
60 0.26 50.0 0.27 291 0.19 550
120 0.32 100 0.28 432 0.23 990

C. Excised 11-day-old corn seedlings (35 -3500 ft-c)
Induction media KNO9(10-1 M) NH4NO3(10-1 M) KNO:3(10-1 M)

NR NO3-N** NR NO3-N** NR NO3-N**

Induction time (4 hr) 0.0 ... 0.84 296 0.77 377

* Nitrate reductase activity as Amoles No-/mg protein per hr.
** NO N as ,ug N/g fresh weight.

'T'he nitrate conitelit of the excised radish cotvle-

(lois was roughly l)roportional to the concenitratioii
of nitrate of the iniduction media anid the time of
iniduction (table IB). The optimum nitrate con-

centration of the induction media used for the ex-

cised radish cotyledons was 10-2 m. Higher concen-

trations of inducer (KNO3 at 5 X 10-2 and 10-1 M)
suppressed the induction, as indicated by the rela-

tively small increase in nitrate reductase between
60 and 120 minutes.

Initial (0 time) values and rate of induction varied
from experiment to experiment. These variations
are attributed to the metabolic status of the plant
at time of experimentation, even though the seed-
lings were grown under standardized conditions.
This is confirmed not only with variable induction
but by variable nitrate uptake by the tissue. The
third set of data (table IC) shows that nitrite did not

induce nitrate reductase in the corn seedlings, which
is in agreement with the findings of Afridi and He-
witt (2) with cauliflower leaves. There is no in-
dication that the presence of ammonium ions in the
induction medium suppressed induction of nitrate
reductase, which is in contrast to the findings of
Morris and Syrett (27) with Chlorella. Further-
more, the corn seedlings had been grown on a nutri-
enit solution containing ammonium ions (10 mm,
methods), prior to induction. A higher nitrate con-
tent in the induction medium was required for opti-
mum induction in corn than in radish cotyledons
(table I13, C). This is attributable to the differential
in rates of nitrate uptake by radish cotyledons and
corn seedlings.

Radish seedlings were growni onl the normiial light
regime (16 hr light-8 hr dark) for 4 days anid nlitrate
supplied at the beginning of the last dark period.
Cotyledons removed at the end of this dark period
contained essentially no nitrate reductase activity.
Within 1 hour after the initiation of the light phase
of the fifth day, appreciable levels of activitv were
obtained. The activity continued to increase with
continued illumination over a 4-hour period; how-
ever, when the lights were turned off, the activity
decreased to the original level (fig 1). This cycling

Time in Hours

Fi(;. 1. The effect of light and dark environnmenit on1
induction of nitrate reductase in intact radish seedlings
and on excised radish cotyledons.
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6)(94 I'LPANT PHYSIOLOGY

Table 11. N'itrate Rednct(as Lvzcls int Relationt to Nitrate l'rescnt in Initact Radish
Seedlings and Excised Cotyledons uniider larYing Light (Iand Dark Treatmncit

Seedlings wvere irrigated with, anld cotyledons floated in 5 X 10-2 Am KNO3.

Cotyledons from initact seedlings after:

10 hr clark
12 lhr dark
12 hr dark + 3 hr liglht

Excisied cotyledons* after
0 lhr
2 hr dark

2 hr clark + 3 hr light

,g No,/N
Cotyledon

1 .65
1.50
4.65

Nitrate reductase
umoles KNO.,/per mg p)rot per hlr

22
1 3
98

1.65
9.50
8.60

()IQ

19'

* From seedlings supl)pie(l with iiitrate but previously exposed to 10 hours dark.

of activity with fluctuating illuminiationi Nvas consis-
tent with previous finidings (14) that suggested the
requlireuleit of both light and nitrate for inductioni.
That light per se was not essential for induction was
established when cotyledons were removed (fig 1. 18
hr) and placed in KNO, (0.01 M,) induction media.
A high level of enzyme was extractable from these
cotyledons after 2 hours of dark incubation.

These findings suggest that the light effect is in-
direct and that the light is inivolved in the movement

3DARK

.2 _ / - 800

: .1 k / 0400 j

o v

a. .4-LIGHT 11600 1

E.3 _ _ _ _ 12 00
0 .a'

z~~~~~~~

/, INDUCTION (CORN)
4 Hr., 3,800 F C.-

,l 7/6/64 LS

NI TEREDUCTASE &-.

0.05 0.1
KNO3 (M)

FIG. 2. The effect of light and dark environment and
increasing levels of nitrate on uptake of nitrate and in-
duction of nitrate reductase in excised corn seedlings.

of the substrate into the cotyledon of tllese se(edlings.
Subsequelnt experimiients confirmed this suiggestion
(table II) and demonstrate(d that the inductioni \Xas
(lepenidenlt upoIn an a(lequate level of niitrate in the
tissue.

Other experimenits w,vith corn see(llings clarifiedl
the interaction of light. temnperature, anid nitrate
concentrationi of the indluction media on the induction
of nlitrate reductase. Initiallv all attempts to ii(Illice
nitrate reductase in the dark wvith corni seedlings
failed; however. in these instanices, the concentration
of nitrate in the iniduictioil imiedia wNas 0.01 M1. ANde-

(qtiate inlduictioln wNas obtainied in the (lark wNhen tlle
nitrate concenitrationi of the indulictionI miledlia was
increased.

Figure 2 illustrates the effect of light and( dark
enivirollnment and increasinlg levels of nitrate on the
uiptake of nitrate bv the tisstue as well as enzyme
indtuction. In the dark, there w-as essenitially a linear
increase in nitrate content and( enzynme induction in
the tissue, with increased nitrate content of the in-

dluction media. In the light, the nptake of nitrate
was greater (4-fold) thani in the dark and propor-
tional to the amotnnt of niitrate supplied. Enzyme
induction was linear only up to 10(3 \i K-NO3 sui-
plied. At higher concentrations of substrate, only a
slight increase was noted (fig 2). These data sug-
gest that excess nitrate may limit the iniductioni pro-
cess.

The view that light exerts aln inidirect effect oni
the induction of nitrate reduction by increasing the
uptake of nitrate from the induction media is fur-
ther supported by the data presenited in figture 3.
There is no known reason for the low uptake of
nitrate and lower induction at 2800 ft-c (280).
Since other experiments at 28° showed a progressive
increase in both nitrate and enzvyme with increasing
light intensity, this set of data was selected because
it emphasizes the dependenlce of ini(tuctioni upon tup-
take of nitrate.

The fact that nitrate reductase wsas iniduced in
the green cotyledons or corn seedlings supplied (in-
cluced) with nitrate in the dark did not completely
eliminate the possibility that light s as necessary
for iniduction. Thus, it is conceiv-able that the re-
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BEEVERS ET AL.-INDUCTION OF NITRATE REDUCTASE6

0.3
/

Dar I 2 3
Dark Light(thousand ft-C)

4

100

5

FIG. 3. The influence of light intensity and tempera-
ture on nitrate uptake and inductioni of niitrate reductase
in excised corn seedlings.

quire(l photo-response had already occurred in the
green tissue prior to dark inductioni. This postulate
was tested by using radish cotyledons frolml seedlings
grown in complete darkness. Experimental details
and results for these experiments are given in table
III. Although the amount of enzyme iniduced was
small, these results show that iniduction is not directly
dependent upon light. The low level of induction
achieved in these experiments may be attributed
either to a deficiency of substrates required for
enzyme synthesis (amino acids, nucleotides, ATP,
etc.) or to a slow or retarded transport of synthetic
or inducer (.NO-3) substrates to the site required for
synthesis. Although the nitrate present in the tissue
should be adequate for a high level of induction,
nothing, is known of its localization within the tissue.
Not even a trace of activity was detectable in the

control (KCl or water as ilnducer miiedia) material
(etiolated cotyledons).

7emizperature Effects. Initial work showed that
the induction of nitrate reductase in excised radish
cotyledonis was temperature dependent, with an op-
timumii at 31 0 for a 2- to 4-hour inductioni period.
Comparable results were obtained with excised corn
seedlings (fig 4), except that the ol)timiium tempera-
ture was 380. The higher optimum temiperature for
corn is consistent with the normal growth response
of these 2 species to temiiperature. Nitrate uptake
was also temperature depenidenit over the entire range
tested (fig 4), and closely paralleled enizyme iniduc-
tion until the temperature reached a lethal point for
the induction process.

CORN
4hr, 4,400 ft-C

1.3 - A 0.1Om KNO3 -1000
B 0.05m KNO3

1.2 - N03-N 0- 900

Nitrate Reductose - -

Oc.I A / 8_00

0. /,t

*. 25 7005404

E U.~~~~I
9

/ 600~
/~~~~

o
I

z /~~~~~~~

5 /~~~~~. Z0

.6 ..20200
/ ~~~~~-50

25 30

2

35 40
45

Induction Temperature
FIG. 4. The influence of increasing temperature on

the uptake of nitrate and induction of nitrate reductase
in excised corn seedlings (insert B provides evidence that
38' is the optimum temperature for induction of the
enzyme).

Table III. Induction of Nitrate Reductase and Nitrate Content of Excised Etiolated Radish
Cotyledons Induced in the Dark (3 hr)

Ag NO3-N
Cotyledon

Control (KC1, 0.05 M or water) (a)
(b)
(c)
(a)
(b)
(c)

Induced (KKNO3), 0.05 Al

m/Amoles NO-,/per mg prot per hr

0.0
0.0
0.0
3.7
2.5
1.4

0.0
0.0
0.0

23.0
16.3
27.0

695
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PbPLANT PHYSIOLOGY

Cursory examiniationi of the data presente(l leads
to the conclusion that niltrate reductase induction is
primarily controlled by the nitrate conitent of the
tissue. This can be but partially true because no

numiierical correlation betwveen nitrate content and
iniduction is evident froml exl)eriment to experiment.
'T'hus, while nitrate mlust be l)resent for inductioni,
other factors suclh as miietabolic actixity of the tissue
are also important. The (lata of figure 4 support,

but do not prove conclusively, that l)rotein synithesis
is involved in induction.

An Arrheinius constanit, y. for tlle ind(luctioni pro-

cess for corIn vas estimiated at 14,.700 calories (data
of fig 4B) anid 14,000 calories (fig 4A) for the 25
to 35 temperature range. Comiiparable calculationis

.8
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u11.. 'TIhe effect of var-iouis conicenitrationis of 5
iililibitors at 3 temperatures on the ind(utictioni of nitrate
redluctase in cxcised radlislh coty ledons.

wvith the radisli data gave a value of 19.000 calories
for the 20 to 300 temlperature range. These values
are comparable Nxxith those obtained for siimiilar coiri-

llex physiological processes (11).
Inhliibitor Stiudies. The effect of various conl-

ceentrationis of 5 inihibitors at 3 temiperatutres oIn thc
inIductioni of niitrate reductase ill radislh cotvIe(lolns
is sllo\wn iln figuire 5. Comiiparable stu(lies w\\ith 5-
fluoroturacil (0.06 mg/nl) p-fluorophenvlalanine
(9.0 mg m/nil). anid ethioninie (1.6 mg ml) at 320
for 3 houirs gave no inhibitory effects.

Although it is possible that the inhibitor-s \ erc

in(lirectlv inhibiting the iniductioll by restricting ni-
trate uptakel this is most doubtful. Even chloraimi-
phenicol, which has been implicated in restricting- ion
uptake by plants (34) failed to influenice P32 phos-
phate incorporation (unpublished data) in simiiilar
studies vith radish cotvledons. Corn seedlings treat-
ed Nvith chloramphenicol (6.4 mg/ml, solubilized with
95 % ethyl alcohol, 350, 4 hr) during induction
showed a 66 % inhibiLion of nitrate reductase, but
only a 12 % reduction in nitrate contenit. However,
the location of the nitrate xvithin the tissue wvas lnot
deteriruned.

D'iscussioin

Substrate (niitrate) inductioni of nlitraite re(ltictasc
wvas (lemeionstrate(l in radislh cotyledonis and leaves
from11 corln seedlings. InIductioln xvas sul)l)resse(d by
Actilonomvcin 1). 8-azag-uaniine, l)uromycin, and(l chlo-
ramphenicol. Although the specific action of these
inhibitors vary, they all preveent protein synthesis.
The fact that iniduction could be imipeded by these
inhibitors indicates that the productioni of niitrate
reductase in response to substrate requires de noxvo
svinthesis rather than activationi of sollme existing-
protein or proenzyme. The temiiperature depenidenlce
of the induction also supports the operation of a

synthetic process rather thani a simple activation.
The failure of 5-fluorouracil and the amino acid

analogs to prevent induction is inconsistent with de
novo synthesis during induction. These failures may
be attributed to one of several factors; namely, pene-
tration, enzyme specificity, time, and endogenous
pool size. The amino acid analogs maxy have been
incorporated at a nonactive site, thereby not influ-
encing normal catalytic properties (32).

Ideally, the demonstrationl of incorporation of
labeled amino acids throughout the newly synthesized
protein would be the most colnclusive evidence for de
novo synthesis. Howvever, all attempts to demon-
strate such incorporation of labeled amino acids into
the iniduced nitrate reductase wvere iniconclusive.
These iniconsistent results w\ere attribtuted to the
small amotunt of enzymile presenit at the cn(l of the
induction period and the lack of a suitable miietlhod
of purification of this very labile enzyme.

Tt is coniclude(d that the role of light in the in-
(luctioni process is ind(lirect in that it iilfluiellces nitrate
miiobilizationi. Support for this statemiielnt is derived
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I3EEVERS ET AL.-INDUCTION OF NITRATE REDtTCTASE

from the observation that induction is related to the
nitrate content of the tissue and that the amount of
nitrate in the tissue is altered by the nitrate content
of the induction media, light, and temperature (fig
2. 3, and 4). Furthermore, induction was demon-
strated in etiolated radish cotyledons in the dark.
Although light could have enhanced transpiration,
and thereby nitrate content in the intact radish seed-
lings (fig 1), this calnnot explain the results of later
experiments (fig 3) where corn seedlings were sub-
merged in the induction mledia during induction.
Thus, it would appear that light has a more direct
(metabolic) effect on the uptake of nitrate. In 1856,
Binieau (5) suggested that light influenced nitrate
uptake by alteration of membrane permeability. La-
ter, WVarburg and Negelein (38) also postulated that
light functions in nitrate utilization in Chlorella by
increasing permeability, and hence nitrate availability.
Other workers (20, 25) have shown that light in-
creases permeability of cell membranes to ions. Re-
cently, Nagai and Tazawa (29) have shown that
light alters the resting electro-potential of cell mem-
branes and that this change was associated with ion
uptake. They (29) divided the effect of light on
ioni uptake inlto 2 processes: A) movement across the
plasmalemma, which is controlled by the potential
gradient, and B) movement across the cytoplasmic
layer and tonoplast, which is controlled by photosyn-
thesis. Even though the rate of induction of nitrate
reductase may be increased by light-enhanced me-
tabolism, this does not provide evidence for an abso-
lute and direct requirement for light for the induction
process.

An unexplained anomaly of the relation of light
and nitrate reductase is the observation that the level
of nitrate reductase is low in plants grown under
shaded conditions even though the nitrate content is
high (16). It is possible that the nitrate which is
accumulated under shaded conditions is retained in
the vacuoles and in this location cannot function as
an inducer. Alternatively, under shaded conditions,
inorganic nitrogen metabolism may be impaired due
to a limited availability of photosynthetically pro-
duced electron donors, and thus intermediate prod-
ucts may accumulate and repress further induction.
This type of end-product repression has been shown
in various enzyme systems in bacteria (21) and
apparently functions in Chlor-ella (27) and Neuro-
spora (23) where ammonia was found to prevent
(repress) the induction of nitrate reductase by ni-
trate.

Attempts to demonstrate repression of substrate
induction of nitrate reductase in radish cotyledons or
corn seedlings with various end products (nitrite,
ammonium ion, mixed amino acids, glutamine, and
aspargine) were not successful. Although hydroxy-
lamine will prevent induction of the enzyme (fig 5),
it interferes with the reduction of nitrate, prevents
incorporation of C14 leucine into protein in general,
and interferes with normal RNA metabolism and

thus cannot be considered a specific repressor.

Summary

Studies were made to determine the effect of
substrate (initrate), light, and inhibitors of protein
svnthesis onl the in(luction of nitrate reductase in
radish (Rapliauiiis sativuis L., var. Cherry Belle)
cotyledons anid corn (Zca u,iays L., var. Hy2 XOh7)
seedlings.

Induction of nitrate reductase is dependent upon
the presence of nitrate in the tissue; neither nitrite
nor ammonia -vould induce the enzymie. The pres-
ence of ammonium ioni in the media did not inhibit
induction of nitrate reductase. Induction of nitrate
reductase is roughly proportional to the amount of
nitrate present in the tissue. A higher nitrate con-
tent in the induction medium is required for optimum
induction of enzyme in corn than in radish cotyledon.
This difference is attributable to differential rates of
nitrate uptake.

Although the presence of light caused induction
of nitrate reductase in radish cotyledons and increased
light intensity resulted in increased induction in corn,
the role of light was indirect. This was verified by
the observation that induction did occur when both
seedling materials were grown and induced in com-

plete darkness. The effect of light on induction is
attributed to enihanced nitrate uptake as a result of
increased permleability of the tissue.

Inductioni of nitrate reductase is temiiperature
dependent, and a part of this dependence is based oln
the inicrease in nitrate conitenit of the tissue with in-

crease in temperature during iniduction. Maximum
induction temperatures were 310 and 380 for radish
cotyledons and corn seedlings, respectively.

Inhibition of induction of nitrate reductase by
actinomycin D. chloramphenicol and puromycin pro-
vide evidence that de n1ovo synthesis is involved.
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