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A4bstract. Nitrate reductase utilizing NADH or reduced flavin mononucleotide (FMNH2)
as electron donor was extracted from the leaves, stems and petioles, and roots of apple seedlings.
Successful extraction was made possible by the use of insoluble polyvinylpyrrolidone (Polyclar
AT) which forms insoluble com,plexes with polyphenols and tannins. The level of nitrate
reductase per gram fresh weight was highest in the leaf tissue although the nitrate content of
the roots was much higher than that of the leaves. Nitrite reductase activity was detected
only in leaf extracts and was 4 times higher than nitrate reductase activity. Nitrate was found
in all parts of young apple trees and trace amounts were also detected in mature leaves from
mature trees. Nitrate reductase was induced in young leaves of apple seedlings and in mature
leaves from 3 fruit.bearing varieties. An inhibitor of polyphenoloxidase, 2-mercaptobenzo-
thiazole was used in both the inducing medium and the extracting medium in concentrations
from jW3 to 10-- .r with no effect upon nitrate reductase activity.

Classically it has been lheld that the seat of
formation (23) of aminio acids in apple trees is the
root. This view was supported by the observation
that nitrate could be detected only in the youngest
root tips. Other workers have concluded that re-
duction of nitrate is largely confined to the roots of
apple trees (2) and other miemiibers of the family
Rosaceae (3). This conclusion was based onlthe
fact that only trace amounts of nitrate were found
in the tracheal sap anld leaves, both of wvhich con-
tained abundant organic nitrogenous miietabolites.
Similar conclusioins can be drawn fromii the work of
Wallace and Pate (24) with field peas. These
workers have proposed that the roots were capable
of reducing the absorbed nitrate tintil a "threshhold"
external level ( 5-20 ppm-a concentratioin low
enough to limit growth for miany plaints) of nitrate
was obtaiiied and only then was nitrate transported
upward and reduced in the leaves.

Although muclh of the initial work on character-
izing nitrate reduictase froml higlher plants was done
with extracts from soybean leave.s. Evans and Nason
(7) also reported low levels of niitrate reductase in
roots. Most of the subsequent work onl nitrate re-
ductase has beeni on leaf tissue because leaves contain
much more enizymiie than does r-oot tissue (5, 10). and
it is easier to obtain the tis tie. Tlle existence of

I This work wa-s supported in part by federal funds
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nitrate reductase in the roots of various plants wvas
shown by Sanderson and Cocking (20).

Recently Miflin (17) reported that roots of young
barlev seedlings had higlher levels of both nitrate
and nitrite reductase per unit of extracted protein
than did leaf tisstie from the same planits. However.
activities were not presented on a per unit of fresh
weight or plant part basis. \Vallace and Pate (24)
found that field pea leaves had a greater amount of
nitrate reductase per unit fresh weight than did the
roots. Since this disparity increased with plant
maturity, they suggested that the site of nitrate
reduction may shift to the leaves with plant matura-
tion. This concept is consistent with the high ac-
tivities found in the leaves of corn (21, 25) and
wheat (6) at the onset of the reproductive phase.

Writh the exception of apple trees anid related
species the documented evidence suggests that leaf
tissue has a greater capacity to reduce nitrate than
hias root tissue. Recently Grasmanis and Nicholas
(8) extracted from apple roots a nitrate reductase
that requires benzvl viologen rather than NADH as
the electron donor. Although it is difficult to extract
enzymes from apple leaves because of the high con-
tent of polyphenols and related substatnces, Jones
ct al. ('11, 12), usinlg ;soluble polyvinylpyrrolidone,
obtained enzyme activities frol)plant parts riclh in
phenolics and tanniins.

The objectives of this experiment were to show:
A) the existence anlld relative amounts of n,itrate
reductase in root anid leaf tissue of apple trees,
B) that apple seedlings transl)ort nitrate to the leaves
when given adequate amiotunlts of nitrate, and C) that
nitrate reductase is iIlduced inl mature leaves pro-
vided with nitrate,
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Materials and Methods

Seedling Cultutre. Apple seeds of unikilowni vari-
ety were germinated in sand and transplanted at the
cotyledonary stage inlto waxed paper cups containing
30 grams (dry) of Krum (an expanided silicate soil
conditioner manufactured by the Ryolex Corporation,
Champaign, Illinois). The seedlings grow-n in the
greenhouse, were given a 16 hr day of supplemental
light (10,000 lux fluorescent light). Two niutrient
solutions were used for the plalnt culture. The first
contained in mti concentrations. MgSO,. 3: KH,PO,.
1; Ca(NO3), 5; KNO3, 5: (NH,)2SOI, 2.5: Fe+3,
0.05 (as Chel-138, Geigy Agricultural Chelmlical
Company, Yonkers, New York); in /LM concentra-
tionis H3BO,,, 23: 'MnCL, 46: ZnSO. 1;: CuSO.
1 .6; ammoninm miol6bdate 0.7. LeaveA fromi pllants
grown on this miiediumi containied niitrate and nitrite
reductase. The other niutrient solutionl was the samlie
except that both the KNOQ anid Ca(NO.), were
replaced by K.SO and CaCl. ( 2.5 and 5.0 mIlM
respectively). Leaves from plants grow-ni on this
medium contained nlo nitrate and wvere used for the
induction experinm-ents. One hunidre(d mil of the
appropriate nutrient media were added twvice weekly.
Water was supplied as needed. WR'heni the seedlings
were 15 to 30 cm tall the top and middle leav-es were
selected for use in the induction experiments. WN'hole
plants were used in other experinments.

Tree Culture. Mature leaves were obtained from
mllature trees of Golden Delicious and(1 Starkrimison
varieties growing in the University of Illinois De-
partment of Horticulture orchard. Thlese trees had
received the low annual amounts of nitrogeni common
witlh normal orchard maintenance. Leaves w-ere also
obtained from a mlature tree of un-known early sum-
mer variety growing in a lawnl adequately sul)plied
with nitrogen. All trees were hearing fruit wvhen
the leaf samples were taken. Only leaves fromii the
lower branches fully exposed to tlle stin were uised
in these experinments.

Polyvinylpyrrolidone (Polyclar AT) Preparationi.
Polvclar AT (General Aniline and Filmi Corporation.
Dvestuffs and Chemical Division, 436 HudsoIn Street.
New York, New-York) was mlixed with enough
deionized water to form a thin slurry. The excess
was removed from the Polyclar ,AT l)X- manual
squeezing througlh 3 layers of clheeseclothl. This
procedure was repeated 3 times. The repeated
washings were necessary to hydrate the powder and
to remove contaminating nitrite. The final Pol-clar
AT preparationi (25-35 % dry wveight) was then
stored in a sealed container at 2 to 30 until used.

Enzyme Extraction. The tissue wvas weighed.
then cut into small (I X 1 cmii) pieces and mixed
with 5 to 6 gramis of the Polyclar AT preparation
per gram of tissue and 6 to 10 volumes of grinding
medium in a chilled mortar. Mature tissue required
higher amounts of grinding mediumiii anid Polyclar
AT. The grinding medium was a imiixture of 50 mM\
potassium phosphate, 5 mart EDTA. and 10 mnI

cvsteine, and adjusted to pHf 8.8 with KOH. Nor-
mally from 1 to 3 grams of tissue were used. The
tissue was ground until a homogeneous slurry was
obtained (usually 2-3 mmin) The slurry was
squeezed through 2 layers of cheesecloth and cen-
trifuged at 30.000g for 15; min. The clear light
green supernatant was used for the enzyme assay.
The temperatture was kept at 0 to 30 throughout
these operations. AMechanical homogenizers could be
substituted for the mortar and pestle. but enzy-me
activity was decreased by 15 to 20 %.

En.vv,zne Induction. The procedure described by
Beevers et al. (1) wvas used except that 0.1 M KNO3
wras used as the iniducing medium and 0.1 Mr KC1 as
the control.

Methods

Nitrate reductase X-as assayed as p)reviously de-
scribed (10) with NADH as the electron donor and
by the procedure of Panieque et al. (18) except that
the FMNH2 concentratioin was increased to 2.4 mM.
anld 0.01 Mi potassium phosphate buffer. pH 7.5, was
substituted for the sodium bicarbonate buffer of the
dithionite solution. N'itrite reductase was assayed
as described by Joy and Hageman (13). Protein
in the extracts was precipitated by an equal volume
of 10 % trichloroacetic acid; the precipitate was then
removed by centrifugation and dissolved in KOH
0.1 N for assay. Protein assays were either by the
method of Lowry et al. (16) or with the biuret
reagent (9). Kjehldahl procedures were not used
because some Polvclar AT precipitates with the
protein. Nitrate was measured by the procedture of
Lowe and Hamilton (15). A Beckman model DB
spectrophotometer was used to determine the absorp-
tion spectra of extracts.

Results
and Discussion

Nitrate Redluctase in Apple Leaves. Substantial
amiiounts of nitrate reductase can be found in apple
leaves when the enzyme is properly protected during
extraction (fig 1). Past efforts to detect this and
other enzvmes in this tissue have probablv failed not
only because the polyphenols and related substances
inactivated the enzymes but because mo-t of the
soluble protein was precipitated (fig 2). Estimates
of protein content were erratic (by both methods)
whein Polyclar AT additions were less than 2 grams
per gram fresh weight of tissue.

Although maximum levels of activity obtained
from the apple leaves with these procedures are
reasonably high, the activity is only 15 to 20 % of
that observed for cereal crops. It is not known
whether optimal concentrations of Polyclar AT pro-
vide complete recovery of the enzyme or if a certain
proportion is always denatured durinig extraction.

illl
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FIG. 3. The effect of Polyclar AT as shown by the absorption spectra of app)le seedling leaf extracts. Three

gram samples were ground in a mortar with 30 ml grinding medium with and without Polyclar AT (15 g). Each

cuvette (1 X 1 cm) contained 0.25 ml of extract and was made up to 3 ml rvith grinding mediuml. Polyclar AT

in solution did not exhibit any absorption at the wavelengths used.

leaves. ( reatment, 0.1 M KN O;:--- control,

0.1 MI KCl). Enzyme activity was determined using NADH as electron donor. All values are av-eragec .-f 3 replicate

samples.

FIG. 5. Induction ojf nitrate reductase by mature leaves from 3 varieties of mature fruit-bearing apple trees.

Nitrate reductase w-as extracted with a mechanical homogenizer (5 g tissue, 30 ;nl grinding medium and 40 g hydrated

Polyclar AT). Chloromycetin was used at a concentration of 30ug/ml in the induction medium. Enzyme activity
was determined using NADH as electron donor. Values are expressed as net induction (total induction minus controlvalue). Controls exhibited no induction and are not shown. All values are averages of 2 replicate samples.
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Absorption .Spectra of Extracts. The absorption
spectra of apple leaf extracts prepared with or with-
out Polyclar AT are shown in figure 3. The reddish
brown supernate obtained when Polyclar AT was

omitted during extraction, exhibited intense absorp-
tion at 475 mtt and lower, which is characteristic of
phenolics and related compounds. In contrast, the
greenish supernate obtained when Polyclar AT was

present during extraction, exhibited less absorbancv
in the 400 to 475 my region and more absorbancy in

the 475 to 700 my region. The greater absorbancv
in the 475 to 700 myt region for the extract prepared
with Polyclar AT is attribuited to chlorophyll, pro-

tein and other components that are otherwiste pre-

cipitated by the phenolics and tannins.
Nitrate Reductase and Nitrate Content of Various

Parts of Apple Seedlings. The data of table I show
that nitrate reductase and nitrate are found in all
parts of the apple seedlings. The highest amount
of nitrate reductase was found in the leaf when
computed on a per unit of fresh weight or plant part
basis. Although nitrate content was highest in root
tissues, appreciable amounts were found in the leaf
tissue in spite of the higher level of enzyme activity
concentrated there. The enzyme from all parts of
the plant had electron donor requirements similar to
those of other plant species. The concentration of
FMNH.. required for highest activity was 4 and
12-fold greater than that required by the enzyme

from corn (22) and spinach (18), respectively. No
credence is given to the differences between levels
of activity attained with NADH and FMNH2 in
table I, for in other experiments the activities with
the 2 electron donors were similar. According to
the work of Schrader et al. (22), nitrate reductase
of corn can tutilize either cofactor with equal effi-
ciency.

This root enizyme appeared to be a typical pyridine
nucleotide dependent nitrate reductase and thus dif-
fered markedly from the nitrate reductase from apple
roots described by Grasmanis and Nicholas (8).

Nitrite Reductase in Various Parts of the Apple
Seedlings. The level of nitrite reductase activity in
the leaf tissues was routinely found to be 4 times
higher than the nitrate reductase activity. The ac-

tivitv levels ranged from 5 to 12 xmoles N0- re-

duced per g fresh weight per hr. Although no
nitrite reductase could be detected in root or stem
and petiole tissue, this does not infer that this enzyme
is absent in the in vivo tissue. Nitrite was not de-
tected in anv of tissue assaved.

Iniduction of Nitrate Reductase in Leaves of
Apple Seedlings. When apple leaves from seedlings
g,rown on a nitrate-free medium were excised and
floated in KNO.3 medium there was a rapid induction
of nitrate reductase (fig 4). The low initial level
of nitrate reductase in the leaf tissue is attributed
to low levels of nitrate present due to microbial
conversion of the ammonium ion in the nutrient
medium, as the cultures were not sterile. During
the induction period, nitrate nitrogen content of the
leaf tissue increased in a linear fashion from 1.5 jug
to 983 ug per g fresh weight.

Induction of Nitrate Reductase in Mature Apple
Leaves. Since the level of nitrate in the tissue ap-

pears to be a major factor limiting the level of nitrate
reductase and apple leaves are reportedly devoid of
nitrate (2, 23), induction experiments were carried
out with mature leaves removed from mature apple
trees in midsummer. The initial level of nitrate and
nitrate reductase prior to incubation was different
among the 3 varieties. In a typical experiment the
levels of nitrate and enzyme activities were 1.4, 2.1.
and 2.5 JLg N0-3-N per g fresh weight and of 199.
358. and 623 m,umoles NO-. formed per hr per g
fresh weight for Starkrimson, Golden Delicious, and
early summer varieties, respectively. Although good
induction was observed with all 3 varieties (fig 5),
the patterns and rates of induction were different
for each. There was no difference in entry of
nitrate into the leaves during induction among these
varieties. No change in protein content was de-
tected during the course of the experiment for any
of the tissues. The addition of chloromyeetin (30
,ug/ml) (4), to retard potential bacterial contamina-
tion, has no apparent effect on the induction rate.
An inhibitor of polyphenoloxidase, 2-mercaptobenzo-
thiazole, (19) was used in both the induction and
extraction media at concentrations ranging from
10-3 to 10-5 M, with no effect on the induction or
extraction of the enzvme.

Table I. The Fresh Weight, Nitrate and Protein Content and Nitrate Reduictase ActivitylWith 3 Different Electron
Donors of Variouis Parts of Yo?lng Apple Seedlings

Nitrate reductase

Fr wt activity Contelt of
Plant part per plant NADH FMINH., NADPH NO-13-N1 Protein'

l urA,umoles NO-. foruied g mlig
fr azt-' hr-

Roots 1.03 351 571 0 298 7.2
Sterns and petioles 1.34 809 628 0 21 8.3
Leaves 2.03 1312 711 0 45 17.5

Expressed on a gram fresh weight basis.
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