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Control of Diurnal Variations in Photosynthetic Products
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ABSTRACT

Nitrate accumulates in the leaves of Capsicum annuum L. cv.
California Wonder and the leaf content is dependent on the
nitrate level supplied to the roots. There is no consistent
diurnal periodicity in the leaf nitrate levels.

Nitrate reductase activity exhibits three distinct peaks in
the leaves. One in the dark period, a second at the time of the
prevailing dawn, and a third 6 hours after the beginning of the
photoperiod. The third peak of activity can be induced by a
short period of illumination (20 minutes) which is also
sufficient to induce the labeling of the amino acid fraction by
14C02.

nm). In the experiments reported in Figures 1 and 2, CaCl2
and Ca(NO3)2 contents of the nutrient solutions were adjusted
to give the desired NO3- levels, otherwise NO3- was supplied
at 6 meq- 1-'.

Leaf NOa; NIL+ Contents. Leaves were homogenized in 2 M
KCl, centrifuged, and the supernatant was assayed for NO;-
and NH,+ as outlined previously (7).

Nitrate Reductase Assay. The in vitro method of Hewit and
Nicholas (2) was used, as previously reported (7).

'CO2 Presentation and Isolation of Labeled Compounds.
This was carried out as previously reported (7). To simplify
the procedure the results in Figure 5 are reported as "4C as
a percentage of that in the basic, acidic, and neutral soluble
fractions only and not as percentage of total recovered "C.
Expression of results by either method has not altered the
pattern of previous results.

The availability of reduced nitrogen plays a major role in
the diurnal periodicity of photosynthetic products as shown
previously (7) and in the accompanying paper (8). Wallace and
Pate (9) have recorded nitrate reductase activity in leaves of
Pisum arvense over a period of 30 hr. Activity was low in the
dark period and had a maximum in the early afternoon. In
leaves of Perilla frutescens (4) a peak in NO3R' activity
occurred 5 to 6 hr after the beginning of illumination.
Some information is available on the behavior of nitrate

reductase in Capsicum leaves (7), but it was thought that
further investigations would reveal more details of the
nitrogen/ carbon interactions in photosynthesis.

This paper reports some characteristics of Capsicum leaf
NO3R which exhibits three separable peaks of activity occurr-
ing in the 24-hr cycle. The response to short periods of illumi-
nation has also been studied.

MATERIALS AND METHODS

Plant Material. Plants of Capsicum annuum2 were raised
in a glasshouse (8), with the exception of those used in the
experiments reported in Figures 5 and 6. Here, after trans-
planting to pots they were kept in a controlled environment
cabinet with a 10/14 hr light/dark, 27/24C cycle, humidity
between 35 and 50% and light intensity 100 w_m-2 (400-700

'Abbreviations: NO3R: nitrate reductase; LPI., leaf plastochron
index.

2To bring the nomenclature in line with the current usage the
specific acnntuum is now used instead of frutescens used in previous
reports.

RESULTS

Leaf Nitrogen Content. The periodicity of the NO;- content
of stem sap (7), with a maximum during the 3rd hr of the
photoperiod, suggested that the leaf NO;- content may vary
and thus provide variable induction of NO3R activity with the
time of day. To test this, leaf NO;- and NH4, contents
were measured at 2-hr intervals over 28 hr in plants supplied
with either 0.6 or 6.0 meq l-1 NO;-. Figure 1 shows that the
contents of both ions remained fairly constant throughout the
28 hr despite that fact that in both populations leaf amino acid
content (not shown) had maxima at 1400 hr in the first
photoperiod, at 2200 hr in the dark period and at 1200 hr at
the end of the experiment. Leaf NO3- content appeared to be
a function of the NO3- level supplied in the culture solution
(Fig. 2) and did not show any consistent periodicity, Capsicirm
annuum was similar in this latter respect to Medicago sativa
(10). This is consistent with the bulk of NO;- in the leaf, being
in storage pools with the metabolic pools being small in com-
parison. This concept is supported by results reported by
Martin (6) who found evidence for compartmentation of
NO,-N into metabolic and storage pools in the leaves of
Phaseolus vulgaris.
The large storage pools of NO; made any investigation of

the induction of NO3R activity from the standpoint of leaf
NO3- content difficult and other approaches were attempted.

Nitrate Reductase. Preliminary experiments showed that the
increase in NO3R activity in the photoperiod was related to
the time of onset of illumination. To investigate further the
light effect, the amino acid content, "C labeling patterns and
the activity of NO3R were measured at various times after
leaves had experienced 20 min light followed by darkness.
After this treatment there was no increase in amino acid
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content and this was probably a reflection of the lack of photo-
synthetically fixed carbon. However, when the labeling of the
amino acid fraction was investigated it was seen that replacing
the normal photoperiod by 20 min light at dawn was sufficient
to induce the normal periodicity in the flow of "4C to amino
acids (Fig. 3).
NO3R activity was investigated to see if the light induction

of labeling of the amino acid fraction was a result of the in-
duction of NO3R activity by brief illumination. Figure 4
shows the result of 20 min light at dawn and a comparison of
activity may be made with plants kept in complete darkness.
It is seen that brief illumination induces an increase in activity
peaking at 6 hr after the illumination. The dark control plants
show no such increase in activity although both treatments
show a smaller peak about 2 hr after the normal dawn. This
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FIG. 3. Percentage of aqueous ethanol-soluble "4C in amino acid
fraction at intervals after 20 min inductive white light given at
05.13 to 05.33 hr. Normal photoperiod was 05.13 to 18.35 hr. At
the sampling times single plants were given 15 min light for photo-
synthetic induction followed by 5 min exposure of leaf number 2
to "4CO2 (20,uCi) in the light. Temperature was 24.5 ± 0.5C. Leaf
number 2 with L.P.I. about 8.5 and area about 16.5 cm2.
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FIG. 1. Nitrate-N and ammonium-N content of leaves through-
out 28 hr. From emergence to 19 days before sampling all plants
were raised on 6 meq- 1-1 N03-. Thereafter some were transferred
to 0.6 meq 1-l NO3-. Light and dark periods are given by horizontal
bar. Temperature was 22 1C. Leaf no. 3 with L.P.I. about S

and area 11 cm2 for low NO3- series (0: NOrN; 0: NH4-N) and
L.P.I. about 5.7 and area 15 cm2 for high NO3- series (U: N03-N;
0: NH4-N).
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FIG. 2. Leaf NO3-N levels as a function of the NO3- content
of the culture solution supplied to the plants. Plants were raised
in a glasshouse in a soil/sand mixture and irrigated daily with the
culture solution. Leaves 3, 4, or S were sampled at L.P.I. 4 to 6.
The bars represent the SE of the mean.
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FIG. 4. Nitrate reductase activity after 20 min white light
(06.13 to 06.33 hr) (Q) or in continuous darkness (X). Normal
photoperiod 06.13 to 20.25 hr. Leaf number 5 with L.P.I. about
5 and area about 15 cm'. Temperature was 25 + 1C.

activity peak is obviously not dependent upon concurrent
illumination but is dependent upon illumination during the
previous day, as the activities measured on day 2 are similar
for both treatments and both are low.

These peaks of NO3R activity are illustrated further in
Figures 5 and 6. In Figure 5, a decline in activity in the
latter part of the first photoperiod is evident, and this is
followed by a peak in the dark period (peak I). The beginning
of this peak has sometimes been seen in the latter part of a
photoperiod (Fig. 1, a and b, ref. 7). By extending the dark
period (Fig. 5) the early morning peak (peak II) is clearly
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FIG. 5. Three peaks of nitrate reductase activity in leaves.
Plants raised in a controlled environment cabinet with normal
photoperiod (09.05 to 19.10 hr) shown by arrows. Experimental
dark period was extended by 3 hr as shown by horizontal bar.
Leaf number 3 with L.P.I. about 3 and area about 29 cm2. Tem-
perature was 26 1C.
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FIG. 6. Typical peaks II and III of nitrate reductase activity in
leaves from plants raised in a 10-hr photoperiod. Time zero is
the time of the prevailing dawn and, in b is the time of red irradia-
tion. a: 24 hr continuous light previous to time zero. Leaf number
5 with L.P.I. about 4 and area 11 cm2. Temperature was 26 + IC.
b: 20 min red light (630-690 nm; 123 ,w cm2) at time zero then
darkness. Plants raised on low (0.3 meq/l) NO,-. Leaf number
8 with L.P.I. about 2 and area 6.5 cm2. Temperature was 23 + 1C.
c: Plants exposed to normal, 10-hr photoperiod at time zero. Leaf
number 6 with L.P.I. about 4.9 and area 8 cm2. Temperature was
25.5C.

defined and shows maximum activity at the time of the
normal dawn (0900 hours). When the photoperiod was started
3 hr later than normal (1200 hours) this induced the other
NO3R activity peak (peak III), reaching a maximum about 6
hr after the beginning of illumination.

Figure 6 is a composite illustration of three separate experi-
ments designed to show (a) the occurrence of peak II at the
time of normal dawn in plants where the preceding dark period

has been replaced by continuous light; (b) the induction of
peak III in leaves of low nitrate plants after exposure to 20
min of red light; (c) for comparison, N03R activity of leaves
experiencing a normal photoperiod. Despite leaf position, age
and experimental temperature differences the timing of the
peaks was coincidental. This was so in plot a where the con-
tinuous 24 hr light produLced a dampened peak II and in plot
b where the low NO;.- status of the plants resulted in low
N03R activity.

Thus, there are three peaks of N03R activity, two occurring
wholly or partially in the dark period and one induced by brief
periods of illumination and normally evident during the middle
of the photoperiod. The timing of the early morning peak
(peak II) and the light-induced peak (peak III) explain the
pause in "4C labeling of amino acids (Fig. 3) and the deactiva-
tion of pvruvate kinase at about the 4th hr of the photoperiod
(Fig. Ia. ref. 8).

DISCUSSION

It is apparent that continuous light, hence photosynthetic
activity, is not required for the actual diversion of '4C into
amino acids. A short period of white light at the time of nor-
mal dawn is sufficient to induce the response. In addition,
the major response to the brief illumination is in the activity
of N03R. One peak (peak III) of N03R activity clearly is
related to the onset of illumination, and either in the normal
photoperiod or in darkness following a brief illumination,
activity reaches a maximuLm about 6 hr after the onset of the
inducing light. If the photoperiod is given later than is normal
for the population of plants then the N03R activity develops
later (Fig. 5) showing that the peak III of activity did not show
entrainment to the normal light/dark cycle.
The induction of N03R activity by a brief illumination with

white or red light suggests the possibility of phytochrome con-
trol. It has been shown that phytochrome mediates the in-
duction of NO3R activity in etiolated buds of pea (3) and
the spectral characteristics of the induction in Capsicwnsz
warrant further investigation.
The in vitro N03R assay used in this study does not allow

an assessment of the in vivo activity of these activity peaks
but the fact that the amino acid content of the leaves shows
peaks in association with all three peaks of enzyme activity
suggests that whether in the light or dark period, sufficient
reducing power muLst be available for at least some of the
potential N03R activity to be realized in the production of
amino acids. While the two peaks (peaks II and III) of N03R
activity that normally occur during the photoperiod could
depend upon reducing power generated in the chloroplast, it
is clear that the dark period peak (peak I) must be dependent
upon respiratory activity for NADH, in a way similar to
N03R in nongreen tissuLes.
The absence of the early morning peak (peak II) when the

preceding photoperiod is replaced by darkness or 20 min
light (Fig. 4),suggests that development of the peak is depend-
ent upon photosynthesis during the previous photoperiod.
Unpublished results suggest that there is some entrainment to
the normal light/dark timing. because retarding the previous
dawn by 4 hr did not shift the peak noticeably. Part of the
induction process may be set in operation by the dawn light-on
signal but, perhaps, not until about 20 hr later is another
constraint lifted and induction manifested in a measurable
increase in N03R activity (peak II).
The existence of the three separate peaks of N03R activity

raises the question of their location within the cell.or perhaps
in different tissuLes within the leaf. It is temptingto speuflate
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that the peak normally manifests in the photoperiod (peak III),
may be more closely associated with photosynthetic systems
than either the peak occurring in the dark period or the
early morning peak. Lips and Avissar (5) reported a nitrate
reductase associated with the peroxisomes in tobacco leaves
while Dalling et al. (1) could find only a cytosolic N03R from
leaves of the same species. This discrepancy may reside in the
dominance of different N03R in the two materials sampled,
corresponding perhaps to the light peak and the early morn-
ing peak in Capsicum annuum.
The existence of the three separate peaks also raises the

possibility of different factors being involved in their induc-
tion. It is clear that the light requirement of peak III is
different from those of the other two peaks. Similarly, the
role of the substrate and hormonal control may well differ in
degree, at least, in the induction of the different peaks.
The demonstration of the three separate peaks of N03R

activity in leaves of Capsicum annuum cv. California Wonder
makes it a suitable material for further investigation of dif-
ferent forms of N03R, especially with regard to the conditions
necessary for induction. The periodicity in activity reported
here explains the periodicity in the nature of photosynthetic
products. It seems clear that the periodicity in the availability
of NH,' in the leaf caused by the rhythms in N03R activity
(and nitrite reductase?) results in the activation and deactiva-
tion of pyruvate kinase (8) which controls the fate of carbon
from the reductive pentose phosphate cycle. Other control
points may exist but this direct influence of N03R activity on
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photosynthetic carbon metabolism remains a major control
factor in expanding leaves of Capsicum annuum.
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