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We examined changes in nitrogen content of the first
leaves in relation to growth and nitrogen status of sun-
flower (Helianthus annuus L.) plants that were raised hy-
droponically at two irradiance levels (high and low light,
HL and LL) and at two nitrogen concentrations (high and
low nitrogen, HN and LN). Initial increases in total dry
mass and total nitrogen of the whole plant were faster in
HL-plants than in LL-plants irrespective of nitrogen supp-
ly, but in LN-plants the increase in total nitrogen was soon
blunted. When plants grown under the same irradiance
were compared, nitrogen content of the first leaves (leaf N)
decreased faster in LN-plants than in HN-plants, while for
the plants grown at the same nitrogen concentrations, it de-
creased faster in HL-plants than in LL-plants. Since these
changes in leaf N were not explained solely by the changes
in plant dry mass or plant nitrogen, we introduced an in-
dex, 'nitrogen deficit (ND*)', to quantify nitrogen deficit of
the whole plant. ND* was expressed as ND*(t) = [NmM—
N(t)] x DM(t), where Nmax and N(t) were nitrogen contents
in the young, expanding leaves that had just unfolded to ex-
pand, at the initial stage with sufficient nitrogen and at time
t, respectively, and DM(t), plant dry mass at t. The de-
crease in leaf N was expressed as a liner function of ND*
irrespective of the growth conditions, which indicates
validity of this index. Limitation of the use of ND*, and
mechanisms by which leaves sense nitrogen demand are
also discussed.

Key words: Carbohydrates — Nitrogen — Senescence —
Sink-source — Sunflower (Helianthus annuus L.).

Leaf senescence, which is usually assessed as the
decrease in nitrogen and/or protein content of the leaves, is
influenced by many environmental variables. In particular,
light and nitrogen nutrition exert critical effects (Thomas
and Stoddart 1980, Smart 1994).

Contents of nitrogen and/or protein in leaves decrease
after their maturation (Thimann 1980, Thomas and Stod-

Abbreviations: leaf N, nitrogen content of the first leaves;
ND* nitrogen deficit of the whole plant, expressed as the product
of the nitrogen deficit in young, developing leaves and the plant
dry mass; HL, high light; LL, low light; HN, high nitrogen; LN,
low nitrogen.

dart 1980, Gepstein 1988) and the decreasing rate is ac-
celerated when nitrogen supply is restricted (Makino et al.
1983, Morris and Paulsen 1985). From such senescing
leaves, nitrogen is retranslocated to the developing organs
(Mae and Ohira 1981). In the plants with developing repro-
ductive organs, remobilization of nitrogen from old leaves
is shown to depend on the growth of the sink such as
flowers and fruits (Wittenbach 1983, Khanna-Chopra and
Reddy 1988, Guitman et al. 1991). For example, when sink
capacity of soybean plants is suppressed by depodding,
remobilization of nitrogen from old leaves is also suppress-
ed (Wittenbach 1983, Crafts-Brandner and Egli 1987).
These results indicate that the demand for nitrogen in the
growing organ affects leaf senescence.

Light environment also influences leaf senescence. It is
generally argued that the decrease in leaf nitrogen content
is slower and leaf longevity is greater in shaded plants
(Chabot and Hicks 1982, Kikuzawa 1989, Hidema et al:
1991, Dale and Causton 1992). However, there are studies
which clearly showed that shading of leaves causes rapid
decrease in their nitrogen contents (Hikosaka et al. 1993,
1994, Pons and Pearcy 1994). Hikosaka (1996) attributed
this apparent contradiction to the differences in the manner
of shading. When the whole plants are shaded, demand for
nitrogen is lowered because growth is limited by the re-
duced energy input. On the other hand, when particular
leaves of a plant are shaded but the remaining parts in-
cluding growing organs are unshaded, demand for nitrogen
in growing organs can be still large. When the plants suffer
from nitrogen deficiency, and only particular leaves are
shaded, nitrogen in such shaded leaves would be re-translo-
cated to young organs.

From the above, it appears reasonable to infer that
sink-source and/or demand-supply relationships of nitro-
gen regulate leaf senescence. Then, the effects on leaf senes-
cence of both light environment and nitrogen nutrition can
be explained in an unified way if their effects on the nitro-
gen status of the plant are properly assessed. However, as
far as the plants in the vegetative phase are concerned, no
studies examined leaf senescence in relation to the demand
for nitrogen or nitrogen sink activity.

The purpose of this study is to examine the above hy-
pothesis. We raised sunflower plants under different nitro-
gen and irradiance conditions and measured contents of ni-
trogen in the first leaves at various stages. We tried to relate

1083

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/37/8/1083/1897749 by guest on 21 August 2022



1084 Interaction between nitrogen deficit and leaf nitrogen

the decrease in the leaf nitrogen content to various plant
measures such as increases of plant dry mass and plant
total nitrogen, and nitrogen deficit of the plants. The
results showed that the decrease of nitrogen content in the
first leaves was almost uniquely related to the development
of the nitrogen deficit of the whole plant.

Na acetate buffer, pH 4.5) was added, and the mixture was incu-
bated at 55°C for 30 min. After digestion of starch to glucose, the
reaction mixture was centrifuged and glucose in the supernatant
was analyzed using the glucose assay kit.

Statistics—The difference between or among regression lines
was examined statistically by the method of Snedecor and
Cochran (1967).

Materials and Methods

Growth conditions—Seeds of sunflower (Helianthus annuus
L. cv. Russian Mammoth) were germinated in vermiculite and
grown in an environment-controlled chamber (Koito KG-50HLA,
Koito Industries, Ltd., Yokohama, Japan) at a PPFD of 450
^molm~2s~' with a photoperiod of 13 h. Day/night tempera-
tures were 23/20°C. When the first leaves were fully expanded (16
days after seeding), the plants were transferred to Wagner pots
(12.5 cm diameter and 20 cm height) containing 1.5 liter hydro-
ponic solution (one plant per pot). These plants were grown under
either high light (450//mol m~2s~') or low light (\50fimo\m~2

s~') at two different nitrogen levels. The hydroponic solution for
the higher nutrient concentration (8 mM NOf, pH 5.0) contained
2.7 mM KNO3, 2.7 mM Ca(NO3)2, 1.0 mM MgSO4, 0.89 mM
NaH2PO4, 0.033 mM FeNa-EDTA, 6.7/iM MnSO4, 0.67 ^M
ZnSO4, 33 nM H3BO3, 0.33 iiU Na2MoO4, 0.67 mM NaCl and
0.13 ftM CoS04. For the low nutrient condition, concentrations of
both KNO3 and Ca(NO3)2 in the nutrient solution were reduced to
0.27 mM (0.8 mM NOf in total) but KC1 and CaCl2 were added to
keep concentrations of K+ and Ca2+ constant. The replacement
did not affect pH of the solution. The hydroponic solutions were
continuously aerated. Nutrient solutions were renewed every four
days.

Nitrogen and carbon content—All samples were harvested be-
tween 11:30 AM and 1:30 PM. For measurements of the nitrogen
content, two or three discs of 1 cm diameter were punched out
from each leaf and dried at 70°C for at least three days. Nitrogen
and carbon contents of leaves were determined with an NC ana-
lyzer (NC-80, Sumitomo Chemical, Tokyo, Japan).

Carbohydrate content—Leaf discs were frozen in liquid nitro-
gen and stored at — 30°C in a freezer until measurements. Carbo-
hydrates were quantitated by the methods of Rufty and Huber
(1983) and Rao et al. (1990). Samples were ground in liquid nitro-
gen with a mortar and pestle and suspended in 80% ethanol. The
suspension was incubated ca. 80°C for 30 min and subsequently
centrifuged for 10 min at 10,000 x-g. The supernatant was trans-
ferred to a test tube. Procedures from suspension in 80% ethanol
to transfer of supernatant were repeated twice or three times.
Collected supernatant was evaporated to remove ethanol and
redissolved in 0.5 ml of H2O. To remove chlorophyll, 0.5 ml chlo-
roform was added and the chloroform-water mixture was centri-
fuged for 10 min at 6,000 xg. The upper clear phase was used for
glucose and sucrose analysis. Sucrose in the solution was hydro-
lyzed with invertase at 25 °C for 60 min. Sucrose concentrations
were determined from the difference between total glucose upon
addition of invertase (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) and free glucose. Glucose concentration was deter-
mined with a glucose assay kit (Glucose B-test Wako, Wako Pure
Chemical Industries, Ltd., Osaka, Japan). The residue after the
80% ethanol extraction was used for determination of starch con-
tent. It was suspended in 1.0 ml of 0.2 M KOH and placed in boil-
ing water for 30 min. After cooling, 200//I of 1.0 M acetic acid
was added. Then dialyzed amyloglucosidase (from Rhizopus
mold, Sigma, St. Louis, U.S.A.) solution (35 units ml"1 in 50 mM

Results

Here, we refer to the growth conditions of the plants,
high and low irradiance levels, and high and low nitrogen
concentrations as HL and LL, and, HN and LN, respective-
ly. The plants grown at high irradiance and high nitro-
gen concentration are, thus, expressed as HLHN-plants.
Changes in dry mass of the whole plants are shown in
Fig. 1A. Dry mass increased rapidly under HL-condition.
Average dry mass of HLHN-plants was about 15 g on day
30 from the transfer, when the first leaves in HLHN-plants
turned almost yellow. Compared with HLHN-plants,
growth of the other plants was suppressed, and, at the time
of yellowing of the first leaves, about 25, 35 and 40 days
after transfer in HLLN-, LLLN-, and LLHN-plants, re-
spectively, the plants were about 6 g in dry mass. Nitrogen
content of the whole plants increased rapidly in HL-plants
for a while but the increase in HLLN-plants was blunted
around on day 15 from the transfer (Fig. IB). For the LL-
plants, increase in plant N was slower under the same nitro-
gen supply (Fig. IB). The patterns of the increases in dry
mass and nitrogen of the whole plants, therefore, differed
considerably depending on growth irradiance and nitrogen
nutrition.

Changes in nitrogen content in the first leaves (leaf N)
were compared for different growth conditions. The first
leaves of all these plants expanded under the identical HL-
condition (see Materials and Methods). Thus, their nitro-
gen contents per unit leaf area were similar upon the trans-
fer. Appreciable decreases in leaf N were observed after the
11th day from the transfer. Thus, the regression analyses
were made on the data obtained on and after the 1 lth day
after transfer (Fig. 2). Decreases in leaf N were faster in
HL-plants than in LL-plants. Under the same growth light,
leaf N decrease faster under the low nitrogen concentra-
tion.

We tried to relate the decreases in leaf N to the in-
creases in dry mass or nitrogen content of the whole plants.
If the decrease in leaf N was uniquely related to the increase
in plant dry mass, leaf N plotted against plant dry mass
would not be different between the conditions. How-
ever, difference between HN- and LN-plants was obvious
(Fig. 3A). When changes in leaf N were plotted against the
changes in plant nitrogen, distinct difference was also
observed between HN- and LN-plants (Fig. 3B). The
decreases in leaf N cannot be simply ascribed to the in-
creases in plant dry mass or in plant nitrogen.

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/37/8/1083/1897749 by guest on 21 August 2022



Interaction between nitrogen deficit and leaf nitrogen 1085

ra

E

4

CO

10

1

* 1

1

A
-

Is'
T

i

1

••i

#

1

P

|

1

J

**"
i

i i

•

I I

I I

-

1 1

10 20 30 40

Days after transfer

Fig. 1 Changes in plant dry mass (A) and total nitrogen of the
whole plant (B). o, HLHN; • , LLHN; D, HLLN; • , LLLN. Solid
and dotted lines denote HN- and LN-plants. Thick and thin lines
denote HL- and LL-plants. Each point shows the value of one
plant. Logistic curves were fitted to the data.

As mentioned in Introduction, we hypothesized that ni-
trogen deficit of the plant causes the decrease in leaf N. To
see if this is valid, we first examined the changes in nitrogen
per dry mass. Figure 4 shows changes in nitrogen per dry
mass in the whole plants (Fig. 4A) and that in the young
parts of the plants (Fig. 4B). Nitrogen per dry mass in the
whole plants grown under HLLN condition remained near-
ly constant up to the 10th day from the transfer, and then
decreased markedly. The onset of appreciable decrease
in HLHN-plants delayed for about 10 days from that of
HLLN-plants. In LLHN-plants, the decrease was the
smallest. Nitrogen per dry mass in young leaves, which had

10 20 30 40

Days after transfer

Fig. 2 Changes in nitrogen content per unit area of the first
leaves (leaf N). Each datum point denotes one leaf. Symbols and
lines are as in Fig. 1. Regression lines were fitted to the data obtain-
ed after the 11th day inclusive: for HLHN, y= 1.49-0.0418x,
r2=0.79; LLHN, y= 1.08-0.00819x, r2 = 0.28; HLLN, y =
1.53-O.O5O8x, r2 = 0.71; LLLN, y= 1.29-0.0261X, r2 = 0.76. The
difference between regression line for HLHN and for LLHN,
HLLN and LLLN, HLHN and HLLN, and, LLHN and LLLN
were significant at the significant level of P<0.01, P<0.05, P <
0.05 and P<0.05, respectively (Snedecor and Cochran 1967).

most recently unfolded to expand, also decreased in a way
very similar to that of nitrogen per dry mass of the whole
plant (Fig.4B). The decrease in HLLN-plants occurred
first. Subsequently, those of HLHN- and LLLN-plants
decreased almost synchronously. In LLHN-plants, the
decrease in nitrogen per dry mass in young leaves were
small. For the analyses below, we use nitrogen per dry mass
in young leaves as a qualitative measure of nitrogen deficit
because nitrogen per dry mass for the whole plant would
decrease even under the condition of sufficient nitrogen
supply due to the relative increase of supporting tissues.

Quantitative value of nitrogen deficit (ND*) is express-
ed as:

ND*=[Nmax-N(t)]xDM(t)

where, Nmax is the maximum nitrogen per dry mass in the
young, developing leaves, N(t) is the nitrogen per dry mass
in the developing leaves at time t, and DM(t) is the plant
dry mass at time t. Nmox adopted here is 0.0717, which is the
mean of the initial values of different growth conditions.
We used this value for all the plants. The decreases in nitro-
gen with time are expressed as lines in Fig. 4B.

Nitrogen deficit thus expressed increased rapidly in
HL-plants (Fig. 5) and the initial increase in HLLN-plants
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Fig. 3 Changes in nitrogen content per unit area of the first leaves (leaf N) versus dry mass of the plant (A) and total nitrogen of the
plant (B). Symbols and lines are as in Fig. 1. For (A), regression lines are: HLHN, y=1.034-0.0493x, r2=0.65; LLHN, y=
O.99O-O.O538x, r2=0.37; HLLN, y= 1.045-0.1448x, r2=0.71; LLLN, y=0.912-0.1197x, r2=0.57. For (B): HLHN, 1.046-
0.001216x, r2=0.51; LLHN, y=1.000-0.001266x, r2=0.32; HLLN, y=1.219-0.00954x, r2=0.58; LLLN, y=l.O38-O.OOO79Olx, r2=
0.65. The difference among four lines were significant at P<0.001 and P<0.001, for (A) and (B), respectively (Snedecor and Cochran
1967).

occurred earlier than in HLHN-plants by about 3 clays. In
LL-plants, ND* increased much slower than in HL-plants.
Increase in ND* was slowest in LLHN-plants. Trend of the
increase in ND* among these plants was the same as that of
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the decreases in leaf N (compare Fig. 2, 5).
When leaf N was plotted against ND*, the regression

lines were almost identical, independent of growth light
and nutrient conditions (Fig. 6). As mentioned above, nitro-
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Fig. 4 Changes in nitrogen per dry mass of the whole plants (A) and those of the young developing leaves (B). Symbols and lines are as
in Fig. 1. In (B), the horizontal line denotes the nitrogen concentration of 0.0717. Declines in nitrogen concentration were expressed by
the linear regression lines: for HLHN, y=0.0890-0.00165x, r2=0.82; LLHN, y=0.0828-0.000829x, r2=0.54; HLLN, y=
0.0847-0.0019X, r2=0.78; LLLN, y=0.103-0.00223x, r2=0.91.
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Fig. 5 Changes in nitrogen deficit (ND*) of the plants. Symbols. pig. 7 Changes in content of carbohydrates (glucose+sucrose +
and lines are as in Fig. 1. starch) per unit are of the first leaves. Symbols are as in Fig. 1.

gen per dry mass of the whole plant would not be a good
qualitative measure of nitrogen deficit. However, the
similar tendency was also observed when Nmax and N(t) in

0 50 100 150 200 250

[N - N(t)] x DM(t) (mg N)
max

Fig. 6 Nitrogen content of the first leaves (leaf N) versus nitro-
gen deficit (ND*) of the plants. The data points below the ND* of
250 mg N are analyzed. Symbols and lines are as in Fig. 1. Regres-
sion lines are: HLHN, y=0.964-0.00240x, r2=0.62; LLHN, y=
0.957-0.00222x, r2=0.37; HLLN, y=0.902-0.00359x, r2=
0.62; LLLN, y=0.836-0.00225x, r2=0.50. The difference among
four lines was not statistically significant (P>0.05) (Snedecor and
Cochran 1967).

the above equation were replaced by the maximum nitro-
gen per dry mass and nitrogen per dry mass of the whole
plants at time t (see Fig. 4A, data not shown), which would
indicate the usefulness of the index.

We also measured content of carbohydrate (glucose +
sucrose + starch). Carbon is an important component of
the plant as nitrogen is, and we expected that carbohydrate
accumulated in leaves of plants under nitrogen deficiency.
Contents of total carbohydrate in the first leaves were
higher in HL-plants than in LL-plants (Fig. 7). Marked
changes in these contents were not detected in the leaves of
LL-plants. For the HL-plants, the carbohydrate levels in
HLLN-plants were consistently greater than those in
HLHN-plants.

Discussion

For the plants grown at the same nitrogen concentra-
tion, the decrease in leaf N started earlier and the rate of
decrease was faster in HL-plants than in LL-plants (Fig. 2).
Between the plants grown under the same irradiance level,
leaf N decreased faster in LN-plants than in HN-plants
(Fig. 2). These trends are consistent with the results of previ-
ous studies, although in these studies, the effects of growth
irradiance (Hidema et al. 1991) and those of nitrogen supp-
ly (Makino et al. 1983, Morris and Paulsen 1985) were sepa-
rately examined.

A novel point of the present study is that leaf N can
almost uniquely be expressed as a function of ND* (Fig. 6).
In other words, in spite of the fact that the onset of the de-
velopment of ND* of the plants and the rate of its develop-
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ment markedly differed depending on growth conditions
(Fig. 5), we can predict the decrement in leaf N through ana-
lyzing the effects of growth conditions on ND* of the whole
plants.

Growth irradiance appears to affect ND* and,
whereby, leaf senescence, mainly through its effect on plant
growth. In the present study, faster growth of HL-plants
under relatively limited nitrogen supply resulted in the
faster development of the ND* (Fig. 5). The difference in
the rate of decrease in leaf N between HL- and LL-plants
can thus be eventually attributed to their different growth
rates. Anten and Werger (1996) investigated nitrogen alloca-
tion in large, dominant, and small, subordinate plants in a
dense, monocultural stand of A maranthus dubius. The ni-
trogen content of old leaves in the small plants that were
heavily shaded by large plants decreased much slower than
that in large plants. Since growth of small plants was light-
limited and thereby sink for nitrogen was much smaller
than that of large plants, this phenomenon may be explain-
ed by considering nitrogen deficit of the whole plant. As
Hikosaka (1996) has pointed out, effects on leaf senescence
of total shading to the whole plant differ from those of
shading of a particular leaf, even though the irradiance
level of the leaves under consideration is identical. This can
also be explained by considering effects of these shadings
on the plant nitrogen deficit. The former shading sup-
presses the development of nitrogen deficit, while the latter
may not greatly affect the development of the nitrogen
deficit of the plant.

On the other hand, lowered nitrogen supply raising the
term ND* primarily through enhancing the term Nraax

— N(t). In LN-plants, supply of nitrogen via roots was
limited and the nitrogen deficit developed earlier (Fig. 4).
This explains why the increase in ND* occurred earlier in
LN-plants than in HN-plants (Fig. 5), in spite of the fact
that increase in dry mass was faster in HN-plants (Fig.lA).
The faster increase in ND* in LN-plants would then lead to
the earlier retranslocation of nitrogen from old leaves to
the developing organs to compensate for the nitrogen shor-
tage (Fig. 4B).

As detailed above, by considering the effects of these
environmental variables on ND*, we can explain, to a con-
siderable extent, the effects of growth irradiance and ni-
trogen nutrition on leaf senescence so far reported (eg.
Makino et al. 1983, Morris and Paulsen 1985, Hidema et
al. 1991, Hikosaka 1996, Anten and Werger 1996). Though
light and nitrogen have been considered as environmental
signals which directly affect leaf senescence (Thomas and
Stoddart 1980, Smart 1994), leaf senescence should also be
studied in relation to the nitrogen status of the whole plant.

Nitrogen deficit is a useful parameter, but there are
cases in which it cannot explain the decrease in leaf N. For
example, when the soybean plants with the first leaves shad-
ed were compared with those with all leaves unshaded, the

decrease in leaf N of the first leaves was faster in the shaded
leaves (Pons and Pearcy 1994). Because these plants were
grown under the same irradiance and the same nitrogen
concentration, we can expect that they had almost the same
ND*. In this case, however, source activities of the first
leaves would be different between the conditions. Further
study is needed to elucidate whether the leaves have mech-
anisms to monitor their current contribution as the source
leaves.

For the changes of nitrogen in the first leaves to be de-
pendent on the nitrogen deficit of the plants, the nitrogen
status of the whole plants should be sensed by the first
leaves. In this study, we measured carbohydrates to exam-
ine a possibility that the carbohydrate level may be engaged
in the sensing mechanisms. Carbohydrates accumulate in
the leaves of HL-plants (Fig. 7). This is probably due to
both the limited nitrogen uptake and the considerable car-
bon fixation. Such accumulation of carbohydrates occurs
when the content of carbon to that of nitrogen is unbalanc-
ed (Radin and Eidenbock 1986, Paul and Stitt 1993). Since
the marked accumulation of the carbohydrate in HL-plants
was observed where the rate of development of nitrogen
deficit in these plants was greatest, the carbohydrates levels
may affect leaf senescence. During leaf senescence, RuBP
carboxylase decreased extensively and is often used as an in-
dex of leaf senescence. It has been proposed that metabolic
events associated with the presence of high carbohydrate,
repress expression of photosynthetic genes such as rbcS
which codes for small subunit of RuBP carboxylase (Sheen
1990, Krapp et al. 1993). Since these results have been ob-
tained with artificial systems such as maize protoplasts
(Sheen 1990) and cold-girdled leaves (Krapp et al. 1993),
further studies with more intact systems are needed to
elucidate whether such repression really controls the re-
source utilization in the real plants.
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