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Nitrogen Use within the Growing Leaf Blade of Tall Fescue’

Francois Gastal®’* and Curtis ). Nelson

Department of Agronomy, University of Missouri, Columbia, Missouri 65211

Leaf elongation rate (LER) of grasses depends on N supply and
is expressed mostly through cell production, whereas most N in
mature leaf tissues is chloroplastic. Our objective was to evaluate
a possible competition for N between cell production and chlora-
plast development processes, utilizing the gradient of cell devel-
opment along the leaf growth zone of tall fescue (Festuca arundi-
nacea Schreb.). Under the two contrasting N regimes, total N
content was highest in the cell production zone, declined sharply
as cells elongated, and remained relatively constant in more distal
positions, at values close to those measured in mature tissues. A
similar pattern was found for N in proteins and nucleic acids that
were not soluble in 80% ethanol. Content of N compounds soluble
in 80% ethanol was higher in the cell production and elongation
zones than in mature parts of the leaf. NO;~ N content was low in
the cell production zone and increased in the cell elongation zone
for high-N plants. The deposition rate of total N in the growth zone
was much higher with plants in high N than in those shifted to no
N. For both N regimes, most N was deposited during cell production
and early cell elongation. Little N was deposited during cell matu-
ration where ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) was being actively synthesized. This suggests that synthe-
sis of Rubisco, and probably other chloroplastic proteins, occurs
largely from recycling of N that was previously incorporated into
proteins during cell production. Thus, Rubisco content in mature
tissues is more closely associated with N deposited during cell
production than with N deposited during its biosynthesis.

LER of grasses is very responsive to N application, often
increasing 3- to 4-fold in field studies (Gastal et al., 1992). N
also stimulates photosynthetic rate per unit leaf area, but to
a much lesser extent (Chapin et al., 1988; Just et al., 1989;
Nelson et al., 1992). These relationships suggest that en-
hanced leaf growth rate is the primary response to N. In
more detailed experiments (Volenec and Nelson, 1984), LER
was stimulated more efficiently with high-N than with low-
N nutrition, but more water-soluble carbohydrates accumu-
lated under low-N conditions in both the leaf growth zone
and mature leaf tissues. These results strongly suggest that
carbohydrate availability does not limit leaf elongation under
low-N conditions, leading us to focus in more detail on the
role of N in the leaf growth zone.
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The leaf growth zone of grasses exhibits sequential devel-
opmental patterns of cell production, cell enlargement, and
cell maturation with distance from the leaf base (MacAdam
et al.,, 1989). This longitudinal gradient of cell development
was used to show that stimulation of LER by N is due mostly
to an increase in cell production (Volenec and Nelson, 1984),
with little effect on final cell size or rate of epidermal cell
elongation (MacAdam et al., 1989). Subsequently, most N in
mature leaf tissue is associated with chloroplastic components
(Chapin et al., 1987), and chloroplast development in grass
leaves occurs mainly in the cell maturation zone (Dean and
Leech, 1982).

These considerations raised the question of possible com-
petition for N imported in the growing zone between require-
ments for cell production and for chloroplast development.
Therefore, we investigated N metabolism in the leaf growth
zone of tall fescue (Festuca arundinacea Schreb.), and com-
pared N accumulation patterns for various leaf develop-
mental processes in response to altered N supply.

MATERIALS AND METHODS
Plant Culture

Three experiments were conducted (experiments I, II, and
III) using similar protocols. Individual tillers of a tall fescue
(Festuca arundinacea Schreb.) genotype with high LER
(MacAdam et al., 1989) were vegetatively propagated and
planted in 11-cm diameter X 15-cm deep pots containing
perlite. After approximately 2 months in a greenhouse, top-
growth was clipped to leave a 5-cm stubble, and plants were
transferred to a growth chamber. Plants were grown under
constant air temperature (20 + 1°C) and RH (70 £ 5%), and
under continuous light (450 uMm m™2 s' PPFD). Continuous
light allowed leaves to elongate at a constant rate (Schnyder
and Nelson, 1989), avoiding day/night transitions and sim-
plifying calculation of net deposition rates. The LERs in our
high-N conditions were similar to those reported earlier for
plants grown under day/night cycles (MacAdam et al., 1989;
Schnyder and Nelson, 1989).

Plants received nutrient solution twice a day [macroele-
ments: 6 mMm KNO;, 2 mm Ca(NO;),, 0.2 mm NHH,PO,, 1
mM MgSQO,, 2.9 mm NH,NO;; microelements: 50 um KCl, 25
uM HiBO;, 2 M MnSOy, 2 pm ZnSQ,, 0.5 pm CuSQOy, 0.5 um
H,MoO,, 40 um Fe-citrate]. After about 4 weeks the plants
were clipped a second time and separated into two sets. One

Abbreviations: ON, no-N nutrient solution; HN, high-N nutrient
solution; LER, leaf elongation rate; REGR, relative elemental growth
rate.
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set (HN) continued on the same nutrient solution. The second
set (ON) received a solution modified to be without N (ma-
croelements: 1 mm MgSO,, 0.2 mMm KGHPO,, 2 mm CaSO,, 1
mm K;50,; microelements: same as previously described). All
plants were sampled 5 weeks after the second clipping.

Sampling Procedure

Tillers that had an elongating blade less than half the
length of the previous mature blade were sampled. The
elongating leaf blade was removed from surrounding sheaths,
cut into segments, and immediately placed on ice. In experi-
ments I and II, 12 sequential segments of 3 mm (0-36 mm)
were obtained, starting from the leaf base, followed by 12
sequential segments of 5 mm (36-96 mm). Two segments of
10 mm were taken from the exposed part of the growing
blade (115-125 and 145-155 mm above the base), and two
segments were taken from the blade of the previous mature
leaf (one segment 10 mm above the ligule and the other in
the middle of the blade). In experiment III, the same sampling
procedure was followed except the basal 6 mm of the elon-
gating leaf was cut into 1-mm segments to gain more detail.
Segments obtained from different tillers on plants in the same
N regime were combined according to position. Fresh weight
was recorded and segments were oven-dried at 70°C unless
specified differently and weighed.

Leaf Elongation and Distribution of Growth

Leaf length was measured daily during the 4 d preceding
sampling and used to calculate LER. Longitudinal distribution
of growth was assessed on 15 tillers by making fine holes in
the growing part of the expanding blade (experiments I and
II) and measuring the displacement of these holes within a
6- to 8-h period (Schnyder et al., 1987). The REGR (mm mm™’
h™") was computed according to Erickson and Sax (1956):

REGR = Ad/d x 1/At

where d is initial distance between holes, Ad is the increase
in distance between holes during the period, and At is the
time period. Since LER was decreased by making holes, REGR
of each segment was corrected by the ratio of LER for leaves
with holes to LER for a matched population of undisturbed
leaves (Schnyder et al., 1987).

As an alternative to making holes to assess spatial distri-
bution of growth, 15 additional tillers were selected (experi-
ments I and IIT) for analysis of epidermal cell length. The
bases of the growing leaves were exposed as above, and
imprints of epidermal cells were taken as described by Schny-
der et al. (1990). Lengths of epidermal cells adjacent to the
row with stomata were measured on the imprints along the
leaf growth zone. REGR was derived from cell lengths ac-
cording to Schnyder et al. (1990).

N Analysis

For experiments I and II, segment samples of 5 to 8 mg dry
weight (consisting of 10 and 15 segments for HN and ON
plants, respectively) were extracted with hot 80% ethanol for
15 min and filtered three times in succession. The ethanol-
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insoluble fraction contained large polypeptides and nucleic
acids, whereas the soluble fraction included mainly small
peptides, mineral N, and free amino acids. The N in each
fraction was quantified with a micro-Kjeldahl procedure
using K>50,/HgO (15 and 0.7 g, respectively) as a catalyst.
Ammonium generated from digestion was microdiffused and
quantified by the indophenol method (Chaney and Marbach,
1962). Digestion of the soluble N fraction was preceded by a
reduction step to fully include NO;™ in the N determination
(Guiraud and Fardeau, 1977).

The NO;™ content of the ethanol-soluble fraction was
evaluated by the sulfanilamide method after reduction to
NO;™ (Technicon TRACCS 800 Autoanalyzer, Buffalo Grove,
IL). Total N content was calculated as the sum of N contents
in ethanol-soluble and insoluble fractions. Reduced soluble
N content was calculated as the difference between ethanol-
soluble N and NO;™ N contents. For experiment III, total N
only was assessed by utilizing an elemental analyzer (Carlo-
Erba, Milan, Italy, model NA1500). The limited amount of .
tissue available allowed us to repeat the whole-N analyses
only twice for each experiment.

Nitrate Reductase Assay

In vivo nitrate reductase activity was assessed according to
Blevins et al. (1976). Briefly, 15 intact segments, 3 or 5 mm
long, were incubated in sealed tubes at 30°C for 15 min in a
potassium-phosphate buffer, pH 7.5, with exogenous NO;~
(0.05 mm KNOs). N gas was bubbled through the medium
for 2 min at the beginning of the incubation period. Nitrite
was assayed in the medium at the end of the incubation
period.

Rubisco Determination

Rubisco was assayed by rocket immunoelectrophoresis (Jo-
seph and Randall, 1981) in experiments II and I[I. Ten to 15
segments, 3 or 5 mm long, were homogenized in a buffer
(0.1 mM Tricine, 20 mm MgCl,, 10 mM NaHCO;, 1 mMm DTT,
pH 8.2) containing 0.5% Triton X-100. The homogenate was
centrifuged. The protein content of the supernatant was
determined according to Bradford (1976). A diluted aliquot
of the homogenate was deposited on the agarose IgG gel.
Rubisco was quantified by comparing peak height of the
unknown leaf samples with a Rubisco standard purified from
tall fescue.

Net Deposition Rate of N

Net deposition rate (D, ug mm™ h™') of N or dry matter
was calculated according to Silk (1984) as:

D = (AP/At) + VD X (AP/Ax) + REGR X (P)

where P is density of N on a leaf length basis (ug mm™), ¢ is
time (h), VD is velocity of displacement of a segment (mm
h™) calculated as the sum of REGRs from the leaf base to the
considered segment, and x is distance (mm). The term AP/A¢t
was neglected because growth was in a steady state due to
continuous lighting, and AP/Ax represented the gradient of
density of N along distance. Unless specified differently,
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Table I. LER, REGR, and growth parameters of the leaf elongation zone of tall fescue receiving two N regimes

N Final Cell Zone . Elongation
Regime LER Length Length Maximum REGR Time
mmh™ % sp(n) um =+ so (n) mm mmmm™ h™" + sp(n) h
Experiment | High N 1.79 £ 0.24 (30) 323 +29(10) 30 0.086 = 0.024 (10) 70
No N 0.44 £ 0.12 (30) 312 £ 35(10) 15 0.078 + 0.053 (08) 82
Experiment Il High N 1.21 £ 0.30 (30) 319 £ 29 (08) 46 0.051 + 0.009 (07) 135
No N 0.78 £ 0.26 (30) 282 + 27 (06) 33 0.049 £ 0.011 (10) 143
Experiment 111 High N 1.21 £ 0.25 (30) 32024 (12) 35 0.062 + 0.015 (10) 92
No N 0.26 £ 0.12 (30) 250 % 21 (08) 18 0.025 + 0.011 (10) 140

conclusions from all three experiments were similar. Thus,
data from all experiments are not presented.

RESULTS AND DISCUSSION
Leaf Elongation and Distribution of Growth

LER with HN was 4- to 5-fold higher than with ON in
experiments I and III, and 1.6 times higher in experiment II
(Table I). Plants were larger in experiment II, and likely
recycled more N from older tissue under the ON regime.
Patterns of growth distribution for HN plants, which were
similar to those reported by Schnyder et al. (1987), showed
maximal REGR in the middle part of the growth zone (Fig.
1). In all cases, the growth zone was shorter for ON than HN
plants (Table I). The N regime had relatively little effect on
maximum REGR except for ON plants in experiment 111, which
had very low LER.

The final length of epidermal cells was unaffected (exper-
iment I) or slightly increased (experiments II and III) by high
N nutrition. The time necessary for a cell to grow from its
initial to its final length was decreased by high N, but to a
relatively small extent compared with the effect of N on LER
(Table I). Since N had only a small effect on cell size and
cellular growth rates, the major effect of N on leaf elongation
occurred through altered cell production. The leaf growth
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Figure 1. Distribution of REGRs in the elongation zone of leaf blades
for plants receiving two contrasting N regimes. Error bars represent
S (n = 10).

zone, therefore, is longer with HN than ON mainly because
a larger number of epidermal cells are undergoing a similar
rate of expansion at the same time. These data confirm those
from MacAdam et al. (1989).

N Composition

Total N content, expressed on a segment length basis, was
high near the ligule, then declined up to 25 mm from the
ligule for HN plants and to 10 mm for ON plants, i.e.
throughout most of the elongation zone for both N regimes
(Fig. 2). Distal to the elongation zone, N content increased
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Figure 2. Content of total N (on a segment length basis) along the
growing leaf blade of plants receiving two contrasting N regimes.
Vertical arrow indicates location where leaf blade emerges to light
(same in the following figures) and error bars represent se (n = 4).
Dry matter (DM) content on a segment length basis is shown in the
insets.
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slightly (HN) or remained constant (ON), then declined be-
yond 60 to 80 mm from the ligule. Data beyond 60 mm have
to be interpreted with respect to decreases in both width and
dry matter per segment length.

Within the elongation zone, width of the segments in-
creased by 50 to 80% depending on the experiment and N
regime (data not shown), whereas dry matter per segment
length at high N decreased to a limited extent (see insets in
Fig. 2) due to expansive dilution and vacuolation (MacAdam
and Nelson, 1987). Therefore, the large decline in N content
per segment length observed in the elongation zone (Fig. 2)
is explained partly by a decrease in total dry matter (HN
plants), but principally reflects a higher N content, on a dry
matter basis, of immature cells compared with expanded cells.
For example, total N concentrations of HN and ON plants
were 7.5 and 3% of the dry matter, respectively, at the leaf
base, and 3.5 and 1%, respectively, at the end of the elon-
gation zone.

In the 25- to 30-mm distal to the end of the elongation
zone, leaf width was approximately constant and dry matter
per segment length increased regularly due to secondary cell
wall deposition (MacAdam and Nelson, 1987). In the 50- to
80-mm distal to the ligule, both leaf width and dry matter
per segment length decreased, indicating that the decline in
N content observed on a segment length basis in this part of
the leaf was due primarily to blade narrowing. The ON plants
had lower total N content than HN plants along the entire
blade length, due in part to a 20% narrower leaf width under
the ON regime, but due mostly to lower N concentration on
a dry matter basis for the ON segments.

For both N rates, content of reduced soluble N was higher
throughout the zone of cell expansion compared with more
distal segments (Fig. 3). The reduced soluble N fraction
included free amino acids, nucleic acids, and small peptides.
Its higher content within the elongation zone probably re-
flects intensive N metabolism or accumulation of one or
several N solutes.

No NO;™ was detected in ON plants throughout the entire
growing leaf (not shown). This was expected, since the NOs~
source had been withdrawn. In contrast with reduced soluble
N, NO;™ N content in HN plants was low in the first segments
(Fig. 3), then increased in the zone of rapid cell elongation to
a content that was approximately stable in more mature parts
of the leaf. Nitrate accumulates mainly in vacuoles, where its
concentration has been estimated to be up to 100 times higher
than in cytoplasm (Granstedt and Huffaker, 1982; Robin et
al., 1983). Cells located at the base of the leaf are in early
stages of development and probably have relatively small
vacuoles that limit NO;~ accumulation.

In contrast to the soluble N fraction, patterns of insoluble
N content were similar to those observed for total N, i.e. a
steep decline along the growth zone with concentration
slightly increasing (HN) or remaining stable (ON) in more
distal segments (Fig. 3). This insoluble N fraction contains
both polypeptides and nucleic acids. In mature tissues, nucleic
acids constitute only a small part of leaf N. Because of the
gradient of cell differentiation along the growth zone, how-
ever, the small cells at the base presumably contain a larger
proportion of total N in nucleic acids than do more distal
cells. The N content by weight is near 16% for both proteins
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Figure 3. Contents of reduced soluble N, NO;™ N, and insoluble N
along the growing leaf blade of plants receiving two contrasting N
regimes. Error bars represent st (n = 4).

and nucleic acids, and since there was very little NO;™ in the
first segment of the growth zone, the total N concentration
of 7.5% on a dry matter basis in HN plants means that neafly
half the dry matter in the first segment is protein and nucleic
acid material.

Nitrate Reductase Activity

No NO,~ was produced under anoxia in either N rate at
leaf positions below 100 mm from the ligule, and none was
produced at higher positions with ON (data not shown). With
HN, however, the NO,™ production rate increased linearly
from 0 at 100 mm to about 2.0 uM g™' fresh weight h™" at
150 mm, a rate similar to that for the previous fully developed
leaf (not shown).

Induction of nitrate reductase activity in leaves is depend-
ent on both NO;™ and light, the effect probably being phy-
tochrome mediated (Beevers and Hageman, 1980). In our
study, NO;~ was present several hours before segments
emerged above the sheath in HN plants, yet nitrate reductase
activity did not appear until segments were exposed to light,
which suggests a very localized control of induction by light.
The absence of NO;~ reduction in the leaf growth zone
implies that all N incorporated into these enclosed tissues is
imported in a reduced form from mature tissues. This is
consistent with the hypothesis drawn by Pearen (1991) based
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on tissue construction costs within the leaf growth zone of
the same genotype of tall fescue.

Net Deposition Rates of N

Irrespective of N regime, there was a large import and
deposition of total N in the leaf base, where cell production
and cell elongation occur (Fig. 4). In contrast, net deposition
rate of N was minimal in the maturation zone, i.e. above 30
mm from the base. Deposition rates for ON plants were much
lower than for HN plants, probably leading to both a lower
rate of leaf elongation and a lower total N content.

Deposition of NO;™ occurred only in the HN treatment
(ON plants did not receive any NO;7), and the rate was
highest in the zone of maximal REGR (Fig. 5), i.e. approxi-
mately 10 to 15 mm from the base, and was near zero in the
cell maturation zone. Deposition of reduced soluble N oc-
curred at similar rates throughout the leaf elongation zone
and was decreased to near zero when cell elongation ceased.
In contrast, deposition of the insoluble N fraction was greatest
in the basal 20 mm of the leaf, i.e. the basal 60% of the
growth zone. Very low, but significant, positive deposition
rates of insoluble N were recorded in the maturation zone,
up to the location where segments were exposed to light.
Integration of deposition rates on a distance basis for the HN
treatment indicated that 70% of the insoluble N was depos-
ited within the basal 30 mm, the remainder being deposited
between 30 and 110 mm (data not shown). Nearly 100% of
the insoluble N was deposited within the basal 15 mm for
the ON treatment.
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Figure 4. Net deposition of total N in the growing leaf blade of
plants receiving two contrasting N regimes.
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Figure 5. Net deposition of reduced soluble N, NO;~ N, and
insoluble N in the growing blade of plants receiving high N.

Net deposition rates need to be interpreted in conjunction
with metabolic aspects of each form of N. Since NO;™ is not
reduced in the growth zone, the net deposition rate probably
represents the rate of NO;™ import into the various segments.
Conversely, the net deposition of the soluble N fraction
represents the net pool resulting from differences in rate
between import and incorporation into nucleic acids and
proteins. Our broad assessment of the soluble N fraction does
not indicate accumulation of particular amino acids, such as
Pro, as has been reported for Lolium perenne (Thomas, 1991).
Further investigation of the form of imported soluble N is
needed.

Net deposition of the insoluble N fraction, which repre-
sents the net quantity of N incorporated into nucleic acids
and polypeptides, was of particular interest. Deposition oc-
curred largely at the very base of the leaf, and the maximum
was observed nearer the base than were maxima for other N
fractions. Cell production occurs largely in the basal 10 mm
of the tall fescue leaf blade (MacAdam et al., 1989). A part
of this deposition is necessarily linked to synthesis of nucleic
acids and polypeptides during mitosis. Only a limited depo-
sition occurred in older segments of mature cells, however,
where N associated with nuclear components is small com-
pared with N incorporated into polypeptides. Thus, a large
part of the deposition of insoluble N between 0 and 30 mm
was likely associated with polypeptide synthesis.

Rubisco Synthesis

The preponderance of early N deposition raised the ques-
tion of localization of chloroplastic protein synthesis in the
growth zone. Rubisco was quantitatively assayed as a major
chloroplastic polypeptide. Very low amounts of Rubisco were
detected near the leaf base (Fig. 6). Rapid Rubisco synthesis
began after cells stopped elongating, and was mostly com-
pleted when segments emerged above the whorl. As ex-
pected, Rubisco represented 30 to 40% of total proteins in
mature tissues in both N regimes (not shown).

The localization of Rubisco synthesis described here agrees
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Figure 6. Content of Rubisco on a segment length basis in the
growing leaf blade of plants receiving two contrasting N regimes.
Error bars represent st (n = 2).

with data on wheat seedlings from Dean and Leech (1982),
who also reported that Rubisco appeared after cells slowed
in elongation and before tissue emerged above the whorl.
Also, chloroplast maturation of Avena leaves, based on chlo-
roplast volume, number of thylakoids, and acquisition of
photosynthesis capability, occurred in this same distal portion
(Nakamura and Hashimoto, 1988). According to greening
experiments, synthesis of the main chloroplastic proteins is
at least partly induced by light. In our study, Rubisco synthe-
sis started before tissues were exposed to direct light.

N Economy in the Leaf Growth Zone

The appearances of several major photosynthetic proteins
(small and large subunits of Rubisco, light-harvesting Chl
proteins) seem to be coordinated (Viro and Kloppstech, 1980),
which indicates that in tall fescue leaf segments, synthesis of
Rubisco represents positional synthesis of several polypep-
tides. In turn, this suggests a large requirement for amino
acids in the leaf maturation zone before the tissue is exposed
to light. However, our study indicates that most N is imported
at the base of the leaf and is present in tissues before they
reach the maturation zone. There is no apparent large N
import associated with chloroplastic protein synthesis, nor is
there any large net utilization of the ethanol-soluble N frac-
tion (mineral N, free amino acids, and small peptides), which
otherwise would have led to negative net deposition rates.
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Therefore, N requirements for synthesis of chloroplastic poly-
peptides were probably met through internal N recycling.

Large changes in polypeptide profiles have been described
along successive segments of the L. perenne leaf growth zone
(Ougham et al., 1987a, 1987b), with simultaneous appear-
ances of a number of polypeptides and disappearances of
others. This experimental evidence strongly supports our
hypothesis of N recycling during cell development and dif-
ferentiation. It is also supported by data showing that early
amino acid incorporation, assayed by feeding [**S]Met and
measuring radioactivity of total proteins in various segments,
occurred in the base (0-10 mm) of growing leaves of L.
perenne (Ougham, 1987). The 0- to 10-mm zone corre-
sponded closely with the zone of cell production, whereas
the small and large subunits of Rubisco appeared mainly
later, starting from 30 mm (i.e. after the zone of cell elonga-
tion), where [**S]Met incorporation was much more limited.

In summary, due to temporal and spatial separation, leaf
growth processes, especially cell production, compete
strongly for N that is newly imported into the growth zone,
whereas development of chloroplastic polypeptides competes
strongly for N recycled within segments of the growth zone.
Thus, incorporation of N should be considered more as
sequential use than as sink competition between various
synthetic processes within nonmature segments of a devel-
oping grass leaf. This model for N is similar to that for
carbohydrate import and utilization between zones of cell
expansion and secondary cell-wall deposition in the same
species (Allard and Nelson, 1991).

It is unclear how N enhances cell production rate, but LER
in this study was closely associated with N concentration of
the basal 3-mm segment (R* = 0.80, n = 7). MacAdam et al.
(1989) suggested that N tended to increase the number of
division cycles from an original cell with little effect on
duration of the cell cycle. The question remains whether the
N effect on cell production is direct and local or is mediated
through hormonal control, perhaps originating from the
roots. Experiments are being conducted to investigate these
possibilities.
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