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ABSTRACT: Nitrogen (N) nutrition enhances metabolic processes that influences the physicochemical environment at the soil- 
root interface, modifies rhizosphere conditions, interferes with the uptake of cations and anions, and enhances or represses the 
activity of several enzyme systems. Also, it affects growth patterns, protein content, and protein quality of seeds. 

Ammonium (NHJ-N nutrition increases anion uptake, free amino-N/protein ratios, and acidity of root free space; it reduces 
carbohydrate levels in plant tissues. NO,-N nutrition results in higher cation uptake, higher carbohydrate content in tissues, and 
alkalinization of root free space. N-Assimilation interferes with the allocation of dry matter and energy, which causes different 

In this article we review the effects of mineral-N nutrition on uptake of cations and anions, activity of enzymes, growth 
growth rates of plant parts. 

patterns of rwts and shoots, and water use efficiency, protein content, and protein quality of seeds. 

KEY WORDS: N-uptake, N-assimiliation, N-partition, protein-N storage, N-stress, crop-nutrition. 

1. INTRODUCTION 

Nitrogen (N) is one of the most limiting factors 
for plant growth, and plants have various mecha- 
nisms for maximum N efficiency. Complex systems 
of uptake, assimilation, and mobilization avoid the 
waste of N and energy. These complex systems have 
resulted from a progressive adaptation of plants to 
environmental conditions of low N supply. Although 
molecular N (N,) makes up 78% of the atmosphere, 
this represents for plants a situation of scarcity amid 
plenty of N, because molecular N,, in contrast to 
other diatomic molecules such as O,, NO, and CO, 
does not react chemically under natural conditions. 
The atoms in the N, molecule are kept together by a 
very short bond (1.098 A). The ionization potential of 
N, is 15.6 eV and its dissociation energy is 224.5 
Kcal. The electrons of the N, molecule have low 
energy orbitals, and the orbital of highest energy is a 
sigma orbital nested in the very center of the mol- 
ecule. Under these conditions chemical reactivity is 
very low. Chatt and Leigh36 observed that no oxidiz- 
ing agent is strong enough to oxidize N,, and no 
reducing agent can reduce the N, molecule in an 
aqueous environment without first reducing water 
and producing hydrogen. 

II. NITROGEN IN SOILS 

Nitrogen in soils can occur as organic-N or min- 
eral-N. The mineral N-forms most commonly found in 
soils are nitrate (NO,) and ammonium (NH,). Nitrite 
(NO,) also can be found in soil under certain condi- 
tions.7.70J52 Most of the mineral N in soils, other than 
N applied as fertilizer, available to plants, is derived 
from soil organic matter through the process of miner- 
a l i~at ion.~~’  Organic matter is decomposed or mineral- 
ized to amino acids and deamination releases free NH, 
into the soil solution. Ammonia (NH,) in soils can be 
readily transformed into NH,+ (NH, + H,O e NH,+ + 
OH- @Kb = 4.75). Under good aeration conditions, 
NO, is the dominant N form in soils. NH, in the soil 
can be taken up by plants, adsorbed at the surface of 
clays or humus, fixed in the crystalline structure of 
clay minerals, immobilized by microorganisms, leached 
out of the soil profile, or oxidized to NO, (nitrification) 
by microorganisms.301 

In tropical areas, with alternate dry and humid 
seasons, the occurrence of NO, “flush” at the begin- 
ning of the rainy season has been reported by several 
authors.22,95.304313 This NO, flush has been attributed to 
either a rapid degradation of soil organic matter by 
microorganisms, mainly fungi, during their early physi- 
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ological phase of activity, or to NO, migration to the 
soil surface and accumulation there during the dry 
season in the tropics.314 NO, levels in soils have been 
reported to range from 38 to 229 m a - ’  in the upper 
inch of A water deficit has been shown to 
suppress nitrification in the upper layers of these soils, 
whereas rainfall removes NO, from the soil surface. 
Similar results have been reported by Robinson and 
G a c ~ k a ~ ~ ~  for a Kikuyu red loam coffee soil. These 
data show that under tropical climatic conditions with 
two seasons and one marked period of dryness, NO, 
accumulates at the surface upon moistening of the soil. 
This NO, accumulated by capillary ascension and/or 
produced by biological activity (exponential phase) 
produces the “flush” of NO,. It is possible that a sur- 
vival strategy has been developed by plants adapted to 
the poor oxidic soils of the tropical savannas of Africa 
and South America. These plants may have developed 
the ability to take up NO, at a fast rate during this 
“flush” period of NO, accumulation (which lasts no 
longer than 3 to 5 weeks before NO, is leached out of 
the profile by the heavy tropical rains). The NO, taken 
up is then stored in the “reserve pool” from which it 
later can be retrieved and used in plant metabolism. 

NH,-N can accumulate in flooded soils such as 
rice paddies, or at waterlogged microsites in soils. 
Also, a high A1+++ content and low pH (>5.0) inhibit 
the nitrification process and promotes NH, accumula- 
tion in soils.5 However, there are reports of soil nitri- 
fication going on even at pH 4.0, probably due to the 
action of microbial strains well adapted to acid soils? 
Also, some plant exudates have been reported to in- 
hibit nitrification in s 0 i l s . 2 ~ ~ ~ ~ ~  Recently, there has been 
an increase in the use of nitrification inhibitors to 

Application of nitrification inhibitors to soils may re- 
sult in the accumulation of NH, in soil, and also may 
lead to the temporary accumulation of The use 
of nitrification inhibitors in soils and its consequences 
for plant growth has been reviewed by Sahrawat and 
Keeney.u6 

NO, can be lost rapidly from the surface horizons 
of soils due to leaching in areas with good drainage or 
heavy rainfall. NO, losses also can occur through deni- 
trification in soils with poor drainage and under reduc- 
ing c o n d i t i o n ~ . ~ ~ ~ J ~ ~  

stabilize N in soils in the NH, f0~.20,~,25500”9,60,70,71,217,259 

111. NITROGEN IN PLANTS - A BRIEF 
HISTORY 

In 1872, Pfeffer thought that the proteins of Lupinus 
luteus were made up of just asparagine and sugars. 

Later, Schulze suggested that amino acids should also 
be involved in the synthesis of  protein^.^^^^^^^ 
Prianishnikov2l2 concluded that protein metabolism in 
plants involved the synthesis and destruction of sev- 
eral amino compounds and that NH, was at the begin- 
ning and at the end of the processes of synthesis and 
destruction. As proposed by Prianishnikov, “in the 
metabolism of proteins in plants, NH, was simulta- 
neously alpha and omega.” He also proposed roots as 
the sites of amino acid synthesis and pointed to the 
importance of carbohydrates in the process of NH, 
assimilation. 

In Prianishnikov’s212 scheme, glutamine was re- 
lated to favorable conditions of metabolism while as- 
paragine was related to unfavorable conditions. The 
accumulation of free NH, was thought to be a sign of 
extremely unfavorable conditions for plant metabo- 
lism. 

Yemm320 observed in detached leaves of wheat 
that the accumulation of glutamine and asparagine was 
related to the sugar content of the plant. Under condi- 
tions of good light supply, glutamine was favored over 
asparagine. Willis317 also observed that glutamine pro- 
duction was related to carbohydrate metabolism in 
wheat. The author suggested glutamine as the route 
through which energy from oxidative processes could 
be transferred to protein synthesis. 

IV. THE ACQUISITION OF N BY PLANTS 

Higher plants can take up the N they need as either 
NO, or NH,.72 Higher plants can also take up organic 
N, but they are unable to complete their life cycle 
when organic N is the only N source.3o5 Many plants 
“prefer” either NH, or NO, as a source of N, however, 
plants in general are able to use both N sources.245 For 
example, rice is sometimes considered an “ammonium 

yet it is able to grow in a nutrient medium 
where NO, is the sole N source289 and nitrate reductase 
activity (NRA) is induced within 24 h after seedling 
g e r m i n a t i ~ n . ~ ~ * ~ ~ ~  

The uptake of NO, is an active process that occurs 
against an electrochemical potential. NO, uptake is 
actually thought to be a ~ y m p o r t , ’ ~ ~ J ~ ~  with a simulta- 
neous transport of H+ and NO, into the cells. Thus, the 
real force in NO, transport across the plasma mem- 
brane is the proton motive force (AiiH+), which ex- 
plains why the velocity of NO, uptake increases as the 
pH of the soil solution decreases.148.290 A 2H+:lNO, 
ratio has been observed for the NO, uptake system of 
plasma membranes. At this ratio, and taking into ac- 
count that protons were first transported to the outside 
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through a proton pump, the energy costs of NO, uptake 
can be estimated. Accepting a 1H+: lATPratio, it would 
take 2 mol of ATP for each 1 mol of NO, taken up by 
plants. However, it should be remembered that the 
energy costs of anion uptake also depend on the ionic 
concentration outside the cells as well as the trans- 
membrane potential. The protonmotive potential (Ap) 
can be calculated as follows: Ap = Y - 2.303 RT/F A 
pH, where R and T are gas and temperature constants, 
F is the Faraday constant, Y is the potential difference 
across the membrane, and A pH the proton gradient 
across the membrane."9~z70~z71 In studies on barley, it 
was estimated that NO, uptake from an outer 14.3 pkf 
solution against a transmembrane potential of -1 50 mV 
would take at least 20 Kj m ~ l - ' . ~ ~  

Rates of NO, uptake ranging from 1.8 to 2.1 pmol/g 
fresh wt/h have been however, rates of 9.6 
to 10.1 pmoVg/h are reported for plants following N 
defi~iency.',~ NO, influx in barley can be either stimu- 
lated or repressed depending on the cytoplasmic con- 
centration of NO,.256 A cytoplasmic NO, concentra- 
tion of up to 50 pmol/g stimulates NO, influx, whereas 
higher concentrations suppress NO, influx into cells.zm 

The transport of NO, ions from the cytoplasm into 
the vacuoles occurs through ionic channels that oper- 
ate at a much faster rate than that of ion ~arriers,7~ and 
has been reviewed r e ~ e n t l y . ' ~ . ~ ~  The transport of ni- 
trates out of vacuoles occurs through a symport sys- 
tem, which means that a proton motive gradient must 
be created from the inside to the outside of the tono- 
plast (Figure 1). To provide this protonmotive force, 

tonoplast ATPases pump protons from the cytoplast 
into the vacuoles. 

There are few reports in the literature on the inhi- 
bition of NH, uptake by NO,. Deignan and 
using 15N reported the inhibition of NH, uptake by 
NO, in wheat. The authors suggested that the benefi- 
cial effect of applying NO3 and NH, together is due to 
the effect of NO, on the reduction of the demand for 
carbon skeletons by NH,-fed plants. On the other hand, 
there are many reports of NH, inhibition of NO, up- 
take.*' When equal amounts of NO, and NH, are sup- 
plied to lower plants, NH, is taken up four to five times 
faster than In some grasses, this application of 
equivalent amounts of NO, and NH, resulted first in 
NH, uptake, and NO, uptake only became significant 
at very low NH, concentrations. The uptake of anions 
by grasses can be twice that of cations.178 The inhibi- 
tion of NO, uptake by NH, has been reported in ricea5 
and wheat.uo NO, uptake also may be inhibited by 
Na+; however, no inhibition of NO, uptake by barley 
was observed with Cl-, B r ,  and Sot even when the 
concentration of these ions was tenfold that of the 

NH, uptake in fungi, algae, and higher plants 
occurs through a uniport system and is thought to be a 
passive p r o c e s ~ . ~ ~ . ~ ~  In barley and wheat, NH, uptake 
rates were 2.5 and 7.2 pmol g-' h-', respectively. How- 
ever, under conditions of N deficiency, the same plants 
showed uptake rates of 9.6 and 10.8 pmol g-' h-I, 
respe~tive1y.l~~ These values were obtained at soh- 
tion-N concentrations in the range of system I.55 NH, 
uptake is inhibited by Rb+ and K+.85 When high levels 

H4 

NO; 
2H+ 

NH; 

FIGURE 1. N-uptake mechanisms in higher plants. Plasmale- 
mma: on the left, proton pump and 2H+/NO,- symport; on the right, 
NHi-uniport. Tonoplast: in top, NO,-channel; on the right, H+/NO,- 
symport. 
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of NH, were applied to corn plants, there was a need 
for high K+ application to avoid NH, toxicity, whereas 
when NO, was the N source no additional K+ was 
needed.148J49 

NH, uptake is faster than NO, uptake over a wide 
range of environmental conditions. The rates of NH, 
and NO, uptake are affected by soil pH. In rice, NH, 
uptake increased up to pH 8.5 and NO, uptake was 
faster at pH 4.0.85 Also, NO, translocation to the shoots 
practically ceases in the absence of light, while NH, 
translocation to the tops continues even in darkness.181 
The uptake of N by plants is also affected by tempera- 
ture. NH, uptake increased as temperature increased 
from 8 to 23"C, while NO, uptake was maximal at 25 
to 35OC.I6 High temperatures (35OC) increase the up- 
take of both NH, and NO, in At moderate tem- 
peratures (24 to 26"C), NH, uptake by rice is reduced 
even in nutrient solutions with 150 m a g  NH,-N.61 

Light supply also affects N uptake.220 Under con- 
ditions of high light supply (40 klx), rice takes up and 
assimilates much more N (either as NH, or NO,) than 
under low (17 klx) light.62 The rates of NO, uptake 
increased in Brachiaria when small amounts of NH,- 
N (5 m@g) were added to plants previously grown 
under NO, only (20 m a g ) .  The application of NH, 
also increased NRA and the protein content in leaves 
of these plants.63 

The energetics of N uptake and metabolism by 
specific or interspecific plant communities may vary 
from that observed with individual plants. When lev- 
els of radiation decrease over a canopy of consortiated 
grasses and legumes, the grasses have some advan- 
tage in the capture of the available energy and, as a 
consequence, they grow faster than the legumes, re- 
ducing their compet i t ivenes~.~~~ Under these condi- 
tions, the capacity of legumes to compete for NO, is 
greatly reduced and the grasses use the majority of 
the NO, available in the soil, enhancing their com- 
petitiveness. 

V. NITROGEN NUTRITION AND THE 
MINERAL COMPOSITION OF PLANTS 

N form and N concentration have a great influ- 
ence on the mineral composition of plants. Because N 
is a nutrient of high metabolic demand, it affects the 
balance of anions and cations in plants. The magnitude 
of pH changes due to the uptake of NH, or NO, de- 
pends not only on the kinetics of N uptake as charac- 
terized by the constants Km and Imax for each species, 
but also on the total capacity of the absorbing system 
(weight, volume, and area of the root system). That is 

why there are better correlations between pH of the 
outer solution (soil solution) and the size of the root 
system than with the magnitude of the cations minus 
anions difference (or vice ~ e r s a ) . ~ ~ J ~ ~  

Magnitudes of pH changes have been estimated as 
0.8 meq acid per gram dry weight of alfalfa-fixing 
NF2O0 This means an additional need for 600 kgJa of 
CaCO, per metric ton of dry matter. In nodulated 
soybeans, it was found that 1.08 meq of H+ were 
produced per unit of dry weight.115 These data show 
the tendency of N,-fixing plants to acid@ their rhizo- 
sphere. This effect greatly influences the uptake of 
cations. 

In Brachiaria decumbens, an estimated 0.9 meq 
of OH- was needed per unit dry weight to compensate 
for the uptake of NH,-N from the nutrient solution 
over 4 weeks of g r ~ w t h . ~ ~ J ~ , ~ ~  As B. decumbens re- 
duces NO, mainly in leaves, there is an increase in Ca 
content in the tops of plants grown under NO, when 
compared with those grown under NH,.67,69 

NO,-only nutrition may result in plant chlorosis 
unless soil pH is c o r r e ~ t e d . ' ~ J ~ ~ J ~ ~ ~ ~ ~  This is due to 
the precipitation of femc iron in the soil solution at 
alkaline pH. Some plants such as cotton and sun- 
flower, when grown under iron stress due to high soil 
pH, excrete H+ through the proton pumps and, later 
on, excrete reducing compounds such as coumaric, 
caffeic, and other organic a ~ i d s . ~ ~ ~ J ~ ~ * ~ ~ ~  This may 
result in recovery from the initial iron chlorosis. Fe 
uptake is stimulated by acidification of the rhizo- 
sphere since it favors the reduction of Fe+++ on the 
surface of plant roots332J68~203~322 and Fe-efficient plants 
are able to reduce the pH of the soil solution as a 
consequence of unbalanced uptake of cations over 
 anion^.'^^,^^^ Thus, Fe chlorosis is more likely to oc- 
cur in plants under high No,,, as a result of increased 
rhizosphere pH. NO, assimilation also blocks the 
translocation of Fe from roots to shoots by increasing 
intracellular pH.178 

Under NH, nutrition, acidification of the rhizo- 
sphere increases the availability of Fe after the exu- 
dation of reducing compounds by roots.132,203 Appli- 
cation of nitrapyrin to soil to keep N as NH, increased 
the concentration of Fe in corn ~ l a n t s . 2 ~ ~  

The availability of Zn++ and Mn++ is drastically 
reduced as pH increases.141 Thus, a greater uptake of 
Zn is expected to occur in plants under NH, than 
under NO, nutrition. The Zn content of corn leaves 
increased when NH, was applied together with 
n i t r a ~ y r i n ; ~ ~ ~  however, the positive effect of NH, on 
Zn uptake can be counteracted by the increased avail- 
ability of H2P04- and the negative interaction be- 
tween these ions.143.218*219 Decreased rhizosphere pH 
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was observed as a root-response to Zn deficiency in 
cotton167 and Fe content of plants under NH, nutrition 
and nitra~yrin.2~~ 

Mo solubility increases with increasing soil pH,I4' 
which is why liming has such a marked effect on the 
availability of Mo. In plants supplied NO,, alkaliniza- 
tion of the rhizosphere may increase the availability of 
Mo. High NO, in soils can result in excess Mo uptake, 
and Mo levels of 5.0 pglg dry matter or higher in 
plants are toxic to ~ a t t l e . ~ ~ J ' ~  

In addition to the known interactions between Fe, 
Mn, Mo, and the uptake of NO,, these metals affect the 
assimilation of NO, in the tissues of p l a n t ~ . ~ ~ J ~ ~  Thus, 
a deficiency of any or all of these elements can result 
in NO, accumulation in tissues due to its interference 
with the nitrate reductase system. In such situations, 
reduction in plant dry weight is very likely to occur, 
together with an accumulation of non-protein N and 
organic a ~ i d s . , ~ ~ ~ ~  

The reduction of NO, results in the accumulation 
of organic anions, mainly malate, citrate, and oxalate. 
NO, nutrition may also reduce the levels of vitamins 
B, and B,.'" Accumulation of organic acids adds to 
the electrogenicity of cells and facilitates the absorp- 
tion of cations that neutralize the excess negative 
charges of the cells. Organic acids may accumulate in 
roots or shoots, depending on where the reduction of 
NO, takes place. When the reduction of NO, takes 
place mainly in the shoots, organic anions can be 
transported to the roots via phloem together with K+ 
ions. In roots, the decarboxylation of organic anions 
becomes a source of HCO,- (OH-) that can be trans- 
ported out of the cells and exchanged for mineral 
ani0ns.2~J'~ 

An unbalanced catiodanion uptake is observed 
under conditions of high metabolic demand for N when 
NO, is the sole source of N. At high anion/cation 
ratios, anion uptake in the roots increases the pH of the 
plant free space and eventually that of the rhizo~phere.4~ 
High pH in the free space slows down the movement 
of anions in general and particularly those with low 
diffusion coefficients, such as phosphates. Decreases 
in pH may affect P-uptake, both by determining the 
concentration of the transported P-form (H2P04-/ 
HP04--) and by increasing the H+ concentration for 
c o t r a n ~ p o r t ? ~ . ~ ~ ~ ~  It has been proposed that increases 
in rhizosphere pH may be one of the mechanisms by 
which plants tolerate A1 toxicity, since at pH values 
higher than 4.8 monomeric Al" precipitates in the 
soil solution.80J90 

Variation in pH of the root environment due to N 
uptake has a direct effect on the biology of soils by 
stimulating or inhibiting the growth of fungi and bac- 

teria113,201 and, consequently, affects the Occurrence of 
plant  disease^.^^ 

High NH, uptake decreases the concentration of 
bases such as Ca," Mg,++ and K+ in  plant^,^^.^^^,^^^ 
whereas NO, has the opposite e f f e ~ t . ' ~ ~ J ~ ~  Application 
of nitrification inhibitors to corn resulted in a 26% 
reduction in Caw content and a reduction of Mg levels 
from 0.83 to 0.73%, but increased sulfate and phos- 
phate levels.54 A reduction in Ca content in cabbage 
leaves was observed under ammonium nutrition plus 
nitrapyrin; however, high Ca Occurred in cabbage un- 
der NH, nutrition minus ni t rap~rin. '~~ Nitrification 
inhibition by nitrapyrin also reduced Ca and Mg con- 
centrations and increased K in Plantago l a n ~ e o l a t a . ~ ~ ~  
NH,-N increased the content of B in the tops of triti- 
cale, wheat, and rye;z92 however, there was a negative 
correlation between total N and plant dry weight. In- 
creasing the NHflO, ratio in the nutrient solution 
increased the P concentration in plants, while NO, 
nutrition decreased P. On the other hand, K is de- 
creased by NH, and increased by NO, nutrition. Toma- 
toes supplied with a 1: lO NH&NO, ratio accumulated 
more K, Ca, and Mg than did plants that received 
nitrate alone. Plants fed a 1:l NH,:NO, ratio took up 
the least amount of  cation^.^^.^^ 

The uptake of some cations is less at low soil pH 
than at high pH, and Ca uptake is depressed more than 
other cations. NH, induces symptoms of Ca deficiency 
in sorghum (Sorghum bicolor, [L.] Moench). Plant Ca 
increases with increasing N O W ,  ratios. It was sug- 
gested that a relationship exists between high dry matter 
and low N/Ca ratio in tissues.192 

A. Effects on Forage Quality 

Heavy N-fertilization of fields is more likely to 
result in grass tetany and frothy bloat in wheat forage. 
High N in soils may increase K uptake and decrease 
Ca++ and Mg++ uptake, thus increasing the K:(Ca++ + 
Mg") ratio. Wheat pastures with a K:(Ca++ + Mg++) 
ratio higher than 2.2 by weight might cause grass 
t e t a n ~ . ' ~ ~  

Nitrate-grown wheat plants required less K+ than 
NH,-grown plants. NH,-grown plants had 88% of their 
K in the leaf blades and only 12% in roots and stems, 
while NO,-grown plants kept half of their K in the 
leaves and the other half in roots and stems. 

NH, tends to decrease the organic acid content of 
plants. An increase in NH, uptake attributed to nitrifi- 
cation inhibitors was found to reduce the levels of 
oxalic acid in spinach. In general, plants supplied NH,- 
N contain larger amounts of total-N, free-NH,, amides, 
and amino 
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VI. THE ASSIMILATION OF N 

Although plants can take up N either as NO, or as 
NH,, assimilation of N only takes place as NH,.72 

Thus, NO, taken up by plants must be reduced to 
NH, before assimilation can take place. Plants can take 
up and accumulate large amounts of NO, in their tis- 
sues without assimilating it into amino acids or pro- 
teins. NO, thus accumulated (in the vacuoles) is in the 
‘‘reserve pool” while cytoplasmic NO, is in the “induc- 
ing NO, can make up as much as 10% of plant 
dry weight, although, on the average, the NO, content 
of plants is in the range of 0 to 0.2% dry ~ t . ~ ~ ~  NO, in 
the reserve pool cannot be acted upon by reducing 
enzymes, while NO, in the inducing pool can activate 
and induce the synthesis of the cytoplasmic reducing 
enzyme, nitrate reductase (NR).154,274 Excess NO, ac- 
cumulated in the reserve pool may result in slower 
plant growtha (Figure 2). For a detailed review of N 
assimilation in plants, see M a i n  and Lea.182 

The nitrite reductase (NiR) enzyme can be in- 
duced both by NO, and NW is a particulate 
enzyme located in the chloroplast of leaves and needs 
reduced ferredoxin in order to operate. This need for 
ferredoxin has cast some doubt on the effectiveness of 
NiR in roots; however, an electron donor similar to the 

femdoxins has been identified in the roots of 
which could make it possible for NiR to operate in root 
plastids. Also, there is some evidence for the occur- 
rence of an NAD(P)H reductase in roots that transfer 
electrons from nucleotides to the ferredoxin-like pro- 
teins of root tissues.* 

The influx of NO, into root cells depends on the 
concentration of NO, in the cytoplasm. As assimila- 
tion reduces the NO, content of the cytoplasm, the 
NO, flux decreases. NO, fluxes can be recovered ei- 
ther by the supply of exogenous NO, to roots and 
shoots or by the retrieval of NO, from NR 
increases with leaf expansion, being maximal in fully 
expanded leaves and lowest in older 1 e a ~ e s . l ~ ~  

A. The NR, NiR System 

NO,-N in the inducing pool is reduced to NH, 
through the intervening action of two enzymes: nitrate 
reductase (NR) and nitrite reductase (NW). NR is a 
cytosolic enzyme while NiR is a particulate en- 
zyme.154z74 There are several reviews of NO, reduction 

Although plants can reduce NO, in both mots and 
shoots, some plants have a tendency to reduce N in 
shoots while others preferentially reduce NO, in 

in p~an~s~17.97.111.145,1~,193.274 

/ A = N03-N 

0 dry wt. 4 / 
I 

0 10 20 30 4 0  50 60 70 80 90 100 

Applied - N I mg. K{’I 

FIGURE 2. Effects of soil-applied-N on NO, content (A) and dry weight (0) of Brachiaria. 
(Adapted from Femandes, M. S., and Freire, L. R., Turrialba, 26,268, 1976. With permission.) 
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r0ots.9’J~~ Corn, cotton, and soybean plants reduce 
NO, primarily in leaves,41*216,308 whereas barley and 
soybeans have NR in both roots and s h o o t ~ . ’ ~ , ~ J ~ ~  
Peas, sunflowers, and radishes reduce NO, mainly in 
roots.205,312 Despite these genetically controlled char- 
acteristics, plants can change the site of NO, reduction 
in response to environmental conditions. Plants that 
would normally reduce NO, in shoots can do so in 
roots when under the shade of trees, a common feature 
of plants in the understory of forest canopies.284 This 
change in site of NO, reduction may occur either be- 
cause plants do not transfer enough NO, to their shoots 
under low light conditions or because shaded plants 
have a lower supply of energy and reducing power in 
their leaves. 

In wheat roots, mitochondria1 dehydrogenases 
supply NADH for nitrate reduction. This mechanism 
permits NO, reduction only when there is ATP to 
supply glucose phosphate to the p la~t ids . ’~~ Assimila- 
tion of NO, is a reducing process and results in H+ 
consumption with a consequent change in cytoplasmic 
pH. Small changes in cytoplasmic pH can be buffered 
by the cytoplasm. Further alkalinization of the intrac- 
ellular space leads to the carboxylation of phosphoenol 
pyruvate (PEP) to oxaloacetate and then to the produc- 
tion of malateJa In this way the intracellular pH is 
kept at a level compatible with the metabolic needs of 
cells. This is considered the “fine tuning system” (pH 
stat) of pH control in plant cells.268 

Changes in cytoplasmic pH as low as 0.1 unit may 
induce activity of the PEP-carboxylase enzyme;’O how- 
ever, cytoplasmic pH is tightly regulated even during 
extreme rates of H+ extrusion?” Thus, a rise in cyto- 
plasmic pH may not initiate the synthesis of organic 
acids. PEP-carboxylase activity is enhanced by NH, 
uptake by plants,’O and NH, itself may be a promoter 
of PEP-carboxylase synthesis. Because NH, uncouples 
electron transport in mitochondria and chloroplasts, 
energy is decreased with a consequent rise in AMP and 
a decrease in ATP. Inasmuch as AMP enhances PEP- 
carboxylase activity, NH, may be the PEP-carboxy- 
lase promoter.’O 

Smith270J71 observed in Cham coraZZina that cyto- 
plasmic pH is influenced by external pH. When the 
external pH falls below 4.5, the ‘Kne control” of cellular 
pH through the pH-stat system begins to break down. 

NO,-fed soybeans (Glycine m a  L. Merr.) reduced 
90% of the NO, in shoots. Approximately 89% of the 
OH--excretion was accounted for by organic acids 
produced in the shoots and translocated to roots.294 In 
contrast, castor-oil plant reduces most of its NO, in 
roots, and only about 20% of the total OH- excretion 
originated from NO, reduction in shoots and organic 
acid transport to the roots.303 

NO, flux through the tissues is more important 
than the absolute content of NO, for NR activity?0,64 
Since NR is both induced and activated by its substrate 
(NO,), a constant flux of cytoplasmic NO, is necessary 
to maintain enzyme activity.75 Thus, the rate of in vivo 
nitrate reduction is more a function of the rate of 
nitrate uptake than the amount of nitrate reductase in 
the cell.97 It is necessary to stress, however, that con- 
stant flux by no means equates with a large flux in 
terms of effects on NR. A large flux of NO, in tissues 
may result in NO, accumulation in the reserve p001.62975 
A large flux of NO, can thus initially stimulate NR, 
while low NO, fluxes result in lower NR.64*75 In the 
long run NR tends to return to normal (metabolic) 
levels through reversible inactivation by products of 
cellular metabolism, reduction in substrate levels and 
effectors, and the intracellular sequestration of en- 

It has also been shown that NR is affected by all 
the factors that reduce or suppress NO, fluxes in plants. 
NR in corn is linked to a low relative water content.238 
Bahiagrass (PaspaZum notatum Fluge) accumulated 
protein-N in leaves and soluble N (amino acids, NO,, 
NH,) in roots and rhizomes.a 

Variations in both light and temperature resulted 
in differential N uptake by roots (Figure 3).69 By day 
5 (Figure 3), low light and low temperature reduced 
the NO, content of roots and leaves, with a consequent 
decrease in leaf NR. As light and temperature levels 
increased from day 5 through day 9, root NO, also 
increased; however, there was no simultaneous in- 
crease in the NO, content of leaves and leaf NR reached 
its lowest level by day 10. In this experiment rhizomes 
acted as a “buffer zone” between roots and leaves. As 
a’consequence, N metabolism in the leaves was pro- 
tected from drastic variations in the influx of N due to 
fluctuations in light and temperature. After a single N 
application, N R  of Paspalum plants increases only by 
day 15, simultaneously with the increase in NO,-N 
content of leaves, and 5 d after light and temperature 
peaks. In sugar cane, sheaths and stalks also appear to 
act as a “buffer zone”, and accumulate excess soluble 
N.257,261 This mechanism can be of adaptive impor- 
tance for plants under environmental conditions in- 
volving drastic changes, or in soils of low nutrient 
content, by permitting adaptation of the pace of vari- 
ous metabolic demand generated through growth to 
the occurrence of stress events. 

zyme.109.146,274 

B. The GS/GOGAT System 

The main route for the assimilation of NH, (either 
originating from NO, reduction or taken up as such) in 
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FIGURE 3. Effects of light and temperature variations in NRA and NO, accumulation in Paspalurn. (Adapted from 
Fernandes, M. S. and Rossiello, R. 0. P., in Calagem e Adubacao de fastagens, Mattos, H. B., et al., Eds., 1986. With 
permission.) 

plants is the GS/GOGAT s y ~ t e m . * ~ ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~  The 
GS/GOGAT cycle also is responsible for the assimila- 
tion of the NH, derived from photorespiration. GS 
activity increases with increasing N influx in tissues. 
The cytosolic localization of one of its fractions (GS1) 
indicates the high efficiency of this enzyme in the 
reassimilation of NH, originating from the photorespi- 
ration of glycine to serine. GS has been found in all 

plant tissues, including roots and the nodules of N2- 
fixing ~ 1 a n t s . l ~ ~  The GS enzyme exists as a number of 
different isoenzymes whose expression is regulated by 
a GS gene family.37 

NADH-GOGAT I1 is not affected by exogenously 
supplied NH,, whereas NADH-GOGAT I is stimu- 
lated by it.37 GOGAT is a particulate enzyme that is 
able to use the reduced ferredoxin of chloroplasts, as 
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well as tap the energy of NADH produced in chloro- 
plasts and other plastids, including those of the roots.3o8 
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C. The Glutamate Dehydrogenase System 

The first enzyme thought to be responsible for the 
assimilation of NH, in plants was glutamate dehydro- 
genase (GDH). Although GDH seems to have no ma- 
jor function in the assimilation of NH, in higher 
plants,155J57J58,u6 it may have a role in the assimilation 
of NH, under special  condition^."^ Compartmental- 
ization may be one such condition since there would 
be no constraint on enzyme activity due to its high Km 
for NH,'" or a reduced Km due to the cooperative 
action of other enzymes. Sharp increases in GDH ac- 
tivity with NH, influx have been observed by several 
authors.122J23~u1 In rice roots, Kanamori122 attributed 
this effect to an increase in the assimilatory activity of 
roots under NH, stress. However, Magalhbs et al. (in 
press) using I5N and the GS inhibitor MS, came to the 
conclusion that GDH played no important role in the 
assimilation of NH, in rice. In carrots, a tenfold in- 
crease in GDH has been observed as a response of 
plant tissues to carbon (C) deficiency.236 

GDH plays a significant role in NH, assimilation 
by N,-fixing, free-living Bacillus macerans and 
B. polymyxa, prokaryotes whose GDH has a low Km 
for NH, (2.2 and 2.9 mM) and both organisms have 
low levels of GOGAT. The lower energy requirement 
of GDH for the synthesis of glutamate may be advan- 
tageous to these organisms that fix N, under strictly 
anaerobic conditions. 

Several authors have recognized the possibility that 
GDH may be involved in deamination reactions in plants, 
releasing NH, through the metabolism of amino acids. 
The Occurrence of a GDH fraction stimulated by the 
presence of NH, (GDH/II) in plant tissues was sug- 
gested by Hart~nan.'~ Femandes6 has demonstrated 
that rice plants, under stress conditions that lead to the 
accumulation of free NH, in tissues, show an NH, to 
amino-N relationship that is curvilinear (Figure 4). This 
kind of curve seems to indicate the deaminating effect 
of GDH, whose activity may liberate carbon skeletons 
for the TCA cycle. Although this reaction may also 
liberate NH,, it is possible that carbon skeletons previ- 
ously present in such compounds as amino acids could 
be resynthesized as lower C/N compounds (asparagine, 
arginine, and allantoin). This would result in better con- 
ditions for plants to cope with NH, toxicity. Recently, 
the enzymes of NH, assimilation, especially GS and 
GOGAT, have been used to study the efficiency of N 
use by plants. Highly signifkant correlations have been 
found between GS activity and grab yield of com plants 
grown in soils low in available N.150J59 

*. 
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FIGURE 4. Free ammonium to free amino-N relations of rice 
plants under conditions of low light and high temperature. (From 
Fernandes, M. S., J. Plant Nutr., 14, 1151, 1991. With permis- 
sion.) 

VII. RELATIONSHIPS OF LIGHT AND 
TEMPERATURE TO N-METABOLISM 

Under conditions of excess N, NO, can be taken 
up, stored in the vacuoles (the reserve pool), and later 
metabolized for plant Rice plants can 
accumulate large amounts of NO, in the reserve pool 
while keeping the free amino-N pool under control and 
maintaining the normal metabolism of N under normal 
conditions (Table l), although some reduction in plant 
growth is common under these conditions.62.66 

TABLE 1 
Effects of NO, Level on the Free 
Amino-N and NO,-N Contents of 
Two Rice Varieties under 
Conditions of Low Light Supply 
and High Temperature 

N-Level NO,-N Amino-N 
Variety (pg/g) (pmol/g fresh wt) 

5 8.2 21 .o 
IR-8 20 33.3 23.0 

150 106.5 25.9 
5 9.7 17.2 

c-c= 20 22.9 22.4 
150 163.0 29.5 

a Come-Cru, a Brazilian variety, IR-8 from 
the Phillipines. 

Adapted from Fernandes, M. S., Turrialba, 
33, 297, 1983. With permission. 
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The relationship between amino-N and the fresh 
weight of plants under four light and temperature com- 
binations is shown in Figure 5.  High light, high tem- 
perature, or a combination of both conditions have a 
fresh weight to amino-N relationship characteristic of 
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a decay curve. The drop in fresh weight is more pro- 
nounced under the more stressful conditions (low light, 
high temperature); however, under less stressful con- 
ditions (low light and low temperature), the fresh weight 
of 
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FIGURE 5. Fresh weight and sugar relations to amino-N accumulation in rice plants under four 
light and temperature combinations: AE = high light - high temperature (40,000 Ix - 35"/35"C); 
BF = low light- high temperature (17,280 Ix-35"/35"G); CG = high light- lowtemperature (40,000 Ix 
- 26V24"C); DH = low light - low temperature (17,280 Ix - 24'124°C). (Adapted from Fernandes, 
M. S., J. Plant Nutr., 14, 1 151, 1991. With permission.) 
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increase. This indicates that excess N is not taken up 
by plants with low energy levels, irrespective of N 
level or N carrier. 

There is a sharp decrease in free sugar as the 
amino-N level increases with all four light and tem- 
perature combinations (Figure 5). The sugar vs. amino- 
N relationship also is described by a decay curve; 
however, in this case, even plants under the less stress- 
ful condition of low light and low temperature be- 
haved similarly to those under more stressful condi- 
tion. The accumulation of large pools of free amino-N 
can indicate either a disruption of synthesis or an 
increase in degradation of FernandeF 
suggested the disruption in synthesis as the most prob- 
able cause of free amino-N accumulation in young rice 
plants submitted to stressful combinations of light and 
temperature. However, when plants are in a low 
N-situation, increases in the free amino-N pool may be 
a consequence of a relative increase in N supply. In 
such a situation, the free amino-N pool is positively 
related to plant growth, and results in improvement of 
N-metabolism.a 

A situation where the increase in the free amino- 
N pool is positively related to the growth of Brachiaria 
and Paspalurn plants can be seen in Figure 6.64,66 In 
both experiments, dry weight of plants increased with 
increasing levels of free amino-N. It should be noticed 
that the fresh weight of plants plateaus around 
20 pmoVg of amino-N and then decreases (Figure 6). 
In both experiments, the amino-N pool in tissues re- 
mained at a “safe” level. 

Free amino-N also can accumulate in plant tissues 
under stressful conditions due to a deficiency of nutri- 
ents other than N. In Figure 7, N was applied to corn 
growing in a Red Yellow Podsol at 80 m@kg with and 
without a nitrification inhibit0r.5~ Phosphorus (P) was 
applied to the soil at 0, 10, 20,40, or 60 m a g .  There 
were no differences in P levels in shoots at any rate, 
but there was a positive response of plant dry weight 
to the applied P (Table 2). The authors suggested that 
plants may have used up excess energy to keep P in 
tissues at a sufficiency level despite low P availability 
in the This drain of energy could have disturbed 
N-metabolism and resulted in a free amino-N to dry 
weight relationship (Figure 7) similar to the decay 
curve described for 

The above data suggest that under conditions of 
excess N uptake, sugar depletion, or nutrient defi- 
ciency; plants do accumulate large pools of free amino- 
N, which is correlated with the dry weight of plants as 
decay curves. F e r n a n d e ~ ~ ~  suggested this as a general 
feature of N metabolism to plant growth relationship 
under stressful conditions. The free NH,-N and free 
amino-N pools in plant tissues are related to each other 
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FIGURE 6. Amino-N to dry weight relations in Paspalurn (A) 
in Brachiaria (B) plants. (From Femandes, M. S., J. Plant 
Nutr., 14, 1151, 1991. With permission.) 

according to a quadratic function (Figure 4). The shape 
of the curve in Figure 4 suggests that deamination can 
take place as NH,-N accumulates in plant tissues so 
that the resulting carbon skeletons could be used in the 
reactions of the Krebs cycle. These results further 
demonstrate the important role of the free carbohy- 
drate pool in N-metabolism of plants under stress con- 
ditions. 

VIII. NH, TOXICITY TO PLANTS 

The toxicity of NH, to plants has been demon- 
strated by several a ~ t h o r ~ . ~ ~ , ~ ~ . ~ ~ ~ . ~ ~ ~ , ~ ~  Most plants are 
sensitive to even small concentrations of NH, (2 mM), 
while others, such as blueberries have a preference for 
NH, over NH, toxicity affects both the physi- 
ology and the morphology of plants. NH, disrupts 
biological membranes and thus interferes with biologi- 
cal systems that depend on redox gradients potential 
across plant membranes. NH, toxicity uncouples pho- 

121 



10 f 

0 -  

6- 

4-  

B 
y =  150.61 x - 1.04 

r = 0.06 

I * !  I I 1 I 1 i 
10 20 30 40 50 

amino- N (p moles/g.f.wt..) 
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TABLE 2 
Effects of P Nutrition on the Dry 
Weight, Amino-N, and P-Content of 
Corn 

0 4.01d 26.8a 0.46a 
10 3.93d 29.9a 0.45a 
20 4.7&d 18.2b 0.42a 
40 6 . 1 6 ~  15.6b 0.38a 
60 8.56a 15.2b 0.36a 

Note: Means followed by the same letters are 
not statistically different. 

Adapted from Fernandes et al., Pesqui. Agropec. 
Bras., 15, 79, 1980. With permission. 

tophosphorylation, blocks ATF' production, increases 
AMP concentration and reduces CO, fixation in the 
chloroplast;114J13 inhibits NADP reduction, reduces PEP 
carboxylase activity, starch synthesis,169 and the up- 
take of cations and anions. Excess NH, uptake also 
interferes with the water balance of plants, restricting 
the flux of water from roots to shoots so that non- 
tolerant plants may ~ i l t . ~ ~ ~ J ~ ~ , ~ ~ ~ , ~  Leaf curling and 
wilting, symptoms associated with NH, toxicity, may 
be due to increased radial resistance to water move- 
ment in NH,-fed p lan t~ .92~~ 

Exudation rates of NH,-treated tomato plants was 
rapidly reduced by 60% compared with NO3-treated. 
Some effects of NH, toxicity can be reversed by N0,.92,93 

Symptoms of K deficiency in W-fed plant was due 
to reduced exudation, and not the loss of K in root exu- 
d a t e ~ . ~ ~ ~  Potassium activates enzymes of NH, assimila- 
tion and thus helps prevent the accumulation of toxic 
concentrations of ammonium in plant  tissue^.^^,^ K in- 
hibited the development of lesions in tomato plants sup  
plied with NH4,98 and yields of corn plants supplied with 
NH, increased with increasing rates of applied K?0J49 
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Additional symptoms of NH, toxicity include 
chlorosis, necrosis, and the death of plants.126J56J60.2g 
These symptoms depend on NH, concentration, NH4- 
to-NO, ratio, plant species, and concentration of other 
elements. Beans were the only plants adversely af- 
fected by increasing concentrations of NH, in an 
NH,:NO, mixture.57 Cabbage, melon, and corn had 
their leaf dry weight reduced by NH,. In all of these 
plants there was a reduction in Ca content as the NH, 
content increased.56 Bennet et aL2' in a study of corn 
grown in nutrient solution, observed that NH, had a 
negative effect on growth. 

The assimilation of NH, in roots requires C skel- 
etons in addition to the assimilative enzymes. The 
addition of a-ketoglutarate to tomato plants fed NH, 
increased growth, increased amino acid content, and 
reduced toxicity.15s The assimilation of free NH, into 
glutamine ( 5 2  C/N ratio) or into glutamate (5:l C/N 
ratio) represents a drain of the organic acid 
The appearance of glutamine and asparagine was re- 
lated to NI-I, nutrition and to conditions where growth 
was arrested.166*2612622s3 Margolis166 and Steward et 
alJS3 observed that when potato and carrot tissues 
initiated active growth, the levels of asparagine, 
glutamine, and arginine changed from 291.5, 579.0, 

Not growing - 1.07 
Carrot growing - 0.138 

Not growing - 1.18 
Potato growing - 0.20 

and 114.5 pg amino-N/g fresh wt, respectively, to 
zero, 17.72, and 15.46 pg N/g fresh wt, respectively. 
The nonprotein-N to protein-N ratio also changed as 
follows: 

Weissman311 observed that wheat seedlings fed 
NH, accumulated large amounts of amides in the shoots. 
Plants fed NO, accumulated the least amounts of amide, 
while plants fed NH,NO, had intermediate levels of 
amides. Plants fed NH, had 12% more asparagine than 
glutamine, while plants fed NO, had 30% more 
glutamine than asparagine. Plants fed NH,NO, still 
had 8% more aspara~ne than glutamine. 

Pavlov and Ivanov206 observed that corn plants 
simultaneously fed urea through foliar application and 
NI-I, through roots suffered a reduction in NH4-N as- 
similation in roots due to the lack of carbohydrates. 
The carbohydrates were kept in the shoots due to the 
assimilation of urea-N occurring there. Assimilation of 
NH, was only restored when sucrose was translocated 
to the roots. 

Amino compounds decreased in phloem exudates 
of corn plants fed NO, but increased with Plants 
fed NH, had 18.2 mg/100 g GABA in the phloem 

exudates as opposed to only 5.0 mg/100 g for plants 
fed NO,. In early stages of growth (7 or 8 leaves) corn 
plants fed NH, had alanine as the main amino acid 
(50%), while at the "milky" stage of growth, alanine 
was only 22% of the total amino-N pool and serine 
ranged from 11 to 19% of the total The accu- 
mulation of alanine in sunflowers has been related to 
the toxic effects of NH,." Kre t~v ich '~~  suggested that 
the accumulation of alanine in plant tissues could ei- 
ther be due to transamination or to the direct reductive 
amination of pyruvate. With inhibition of the Krebs 
cycle by NH, toxicity, pyruvate produced by glycoly- 
sis could be aminated to alanine or carboxylated to 
oxaloacetate and then aminated to aspartate. 

Accumulation of glutamine was observed in to- 
mato plants fed NH,, while plants fed NO, accumu- 
lated glutamate and aspartate.166 Yemm and F01kes~~l 
observed that the assimilation of NH, in Torulopsis 
utilis resulted in the accumulation of glutamine and 
increased the rates of respiration and sugar break- 
down. Similar results were observed by Syrett286 in 
Chlorella. 

Zs01dos~~ suggested that not only amino com- 
pounds but also peptides could accumulate in plants 
during NH, assimilation. Peptides would thus be a 
primary product in the process of NH, detoxification 
in plants. Freney and Gibsonp4 observed that some 
strains of Rhizobium promoted the accumulation of 
GABA in nodules of Trifolium subterraneum and that 
this amino compound was present as "bound" amino 
acid, that is, in the form of peptides. Also, the possibil- 
ity of transformation of NH, to NO, in rice plants has 
been s ~ g g e s t e d . ' ~ ~ J ~ ~ . ~ ~ ~  

Because NH, assimilation basically occurs in mots, 
and as NH, assimilation requires large amounts of 
carbohydrates, there is a decrease in root growth rates 
in plants grown under NH, n ~ t r i t i o n . ~ ~ . ~  When the N 
supply to ryegrass roots in nutrient solution was sup- 
pressed for 7 d, root weight increased by 24%, while 
leaf weight was simultaneously reduced by 24%.27 
This reduction in shoot weight was attributed to the 
diversion of carbohydrates used in the assimilation of 
N since it takes five glucose equivalents for the fixa- 
tion of eight N equivalents. There is a drastic reduction 
in corn root weight as NH, levels increase in the nutri- 
ent solution (Figure however, similar to the find- 
ings of Bowman and the decrease in root weight 
in this experiment did not result in decreased weight of 
the plant as a whole (shoot + root), which remained 
constant. 

Inasmuch as both light and temperature affect N 
metabolism in plants,61,62 a favorable combination of 
these factors is needed for N assimilation, this relation- 
ship is especially pronounced as the N concentration in 
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the soil solution reaches higher levels. When NH, 
uptake increases linearly, there is also an increase in 
the amounts of ketoacids that are diverted from the 
normal routes of metabolism and used to block the 
accumulation of excess free NH, in tissues through the 
synthesis of amides.lu 

Thus, the accumulation of amino-N and amide-N 
is a characteristic of plants under excess NH,-N nutri- 
tion.7I In the presence of high NH,, asparagine and 
glutamine can make up as much as 80% of the free 

amino/amide pool.61 The free amino/amide pool itself 
can increase 10 to 20 times in response to NH, toxicity. 
The concentration and composition of N in the free 
pool of rice plants under stress due to excess N uptake 
changes under a combination of low light and high 
temperature (Table 3).69 

NH, accumulation may occur through an absolute 
increase in NH, availability, as well as through a rela- 
tive increase in NH, as a result of C skeleton deficits, 
that is a shortage of the ketoacids needed for the syn- 

TABLE 3 
Accumulation of Amino Acids by Rice Plants 
under Low Light, High Temperature, and Two 
N-Carriers 

Amino-N I% of Total Pooll 
N-carrier: NO, Gg/g) NH (pg/g) Amino 

acid N-Rate: 20 150 20 150 

Aspartate 10.5 5.1 1.4 2.4 
Asparagine 3.9 11.2 26.7 12.5 
Glutamate 25.1 16.3 5.5 5.0 
Glutamine 12.3 21.5 54.7 70.5 
Total pool 
(Pmol/g) 12.8 17.8 124.5 173.0 
Amino-N/Amide-N ratio 5.7 2.06 0.26 0.20 

Adapted from Femandes, M. S., Turrialba, 33,297,1983; 
34, 9, 1984. With permission. 
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thesis of amino-N and amide-N. It is this synthesis of 
amino/amide-N that removes excess NH, from the free 
pools. This carbohydrate deficit may be a direct result 
of reduced photosynthesis as the light supply decreases 
on the surface of leaves (as occurs on cloudy days or 
when leafy canopies result in self-shading by plants), 
or it also can be indirect, due to excess C consumption 
through respiration (under conditions of high tempera- 
ture, for instance). However, a negative combination 
of several factors may occur (high NH, supply, low 
light supply, high temperatures, water stress). 

In plant communities with dense canopies, some- 
times only the upper part of the canopy is under full 
sunlight and able to photosynthesize properly. The 
reduction of the incoming light by the canopy of a 
sugar cane plantation is illustrated in Table 4.%O As 
much as 60% of the total leaf area may not be receiv- 
ing enough radiation for efficient photosynthesis. In 
such situations, the whole plant canopy is at high 
respiration rates, and may increase respiration as air 
temperature increases. This can result in stress due to 
a combination of low photosynthesis, high respiration 
rates, and the burning of large amounts of carbohy- 
drates in respiration. This may induce a high nutrient 
uptake (due to the energy made available through res- 
piration) and prevent normal N metabolism because of 
the limited supply of C skeletons. Thus, the use of 
fertilizer N requires a full consideration of all factors 
involved in the physiology of plants. Supplying N to 

TABLE 4 
Interception of 
Photosynthetically Active 
Radiation (PAR) in 3 Different 
Heights in a Sugar Cane 
Canopy (8 months old) 

PAR* (% of Total) 

LAP T= M S 

1.4 97.1 62.9 17.2 
2.6 84.6 54.1 10.8 
3.1 89.1 30.9 5.4 

a As % of total PAR (0.4 to 0.7 pm, 11 
to 14 h. 

b LA1 = leaf area index. 
Sensor at: T = 5 to 10 cm below the 
first leaf; M = halfway though the 
main stalk; S = ground level. 

From Rossiello et al., Arq. Univ. Fed. 
Rural Rio de Janeiro, 6, 107, 1983. 
With permission. 

plants at levels that would otherwise be considered 
adequate can lead to the rapid development of NH4 
toxicity or to the accumulation of excess NO, in tis- 
sues under these conditions. 

Although plants sometimes metabolize large 
amounts of NH4 produced by photorespiration and 
may not show signs of NH, toxicity, the feeding of 
NH4-N through the root system affects plant growth 
and metabolism if compared to plants fed only 

NH, and NO,. 
NO3ll,12,20,59,~5,73,I48,149,195,209,259 or a combination of 

IX. N-NUTRITION AND AL TOXICITY TO 
PLANTS 

Aluminum (Al) oxides and hydroxides are the 
basic source of Al in soils commonly occurring in the 
tropics and subtropics (Oxisols, Ultisols, and 
Alfisols).2w Besides being a source of exchangeable 
acidity in soil, A1 has a direct effect on plant growth, 
with a particular effect on root growth. A1 uptake and 
accumulation in tissues mainly affects root length. In 
non-tolerant species there is a very rapid reduction in 
root growth. Roots of peas (Pisum sp.) growing in a 
nutrient solution containing lo-, M aluminum sulfate 
at pH 4.0 had root growth reduced by 70% just 20 min 
after coming into contact with the A1 solution.127 

Similar results have also been obtained for other 
 specie^.^^.^^ This is due to the interaction of A1 with 
negative charges on the surface of cell walls (originat- 
ing from the dissociation of the carboxylic groups of 
pectic acids). A1 is strongly held by quasicovalent 
forces.lo8 This kind of interaction can readily be de- 
tected by the fast reduction in root cation exchange 
capacity (RCEC) as observed in roots of Brachiaria 
decumbens (Table 5).67 Al Transport in roots occurs 
via apoplasts, similar to Ca.lo8 

A1 translocation to plant tops only occurs through 
nonsuberized root tissues. A1 accumulates in root tips 
and laterals.I7O Accumulation of A1 in the tops of plants 
is nonsignificant as compared to roots and cannot be 
used as a criterion for the discrimination between tol- 
erant and non-tolerant  plant^.^^.'^^ An exception to this 
rule are some bushy dicotyledoneus plants in the Bra- 
zilian savannas (cerrados) that can accumulate from 
4000 to 14,000 mg A&g (0.4 to 1.4% of the dry 
matter).lW 

In plant cells, Al interferes with the metabolism of 
P, blocks DNA duplication, and interferes with protein 
synthesis through interference with ribosomal RNA.170 
It reduces sugar phosphorylation by inhibiting hexoki- 
na~es ,3~  mitochondrial re~piration,7~J~* and starch syn- 
thesis.251 Inhibition of ATPases was observed in some 
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TABLE 5 
Effects of Al Levels and N-Carriers 
on Root CEC of Brachiaria 
decumbens 

CEC (meq/l00 g roots) Al in solution 
( m g m  NO3 NH, 

0 19.4a 13.6a 
0.75 14.9b 8.3b 
1.5 12.3bc 8.4b 
3.0 8.9cd 10.0ab 
6.0 7.7d 8.6b 
6 AVO Al (%) 39.7 70.6 

Note: Within columns, numbers with the 
same letters are not different by the 
test of Tuckey (5%). 

Adapted from Arruda et al., TUrralba, 34, 
509, 1984. With permission. 

nontolerant species.79 A1 induced the activity of hydro- 
lytic enzymes in barley and peas that results in the 
autolysis of the root cortex that is also a symptom of 
Ca deficiency in plants.11g These intracellular effects 
of A1 result in rapid reduction of ion uptake, especially 
N, P, and K.11,79 In acid soils, nitrification is partially 
or totally inl-1ibited.6~ Thus, NH, becomes the domi- 
nant form of N available to plants. Plants tolerant to 
acid soils are able to tolerate NH,-N levels in the soil 
solution that would be toxic to nontolerant p l a n t ~ . 6 ~ * ~ ~ * ~ '  
This has been shown for Brachiaria decumbens, a 
plant well adapted to soils with low levels of P and 
Ca.12278 In the absence of Al in the nutrient solution, 
Brachiaria accumulates more dry matter in the pres- 
ence of NH, than in the presence of NO, (Table 6). 

Puspalum notaturn, a grass adapted to acid soils 
high in A1,79,247 also produces more dry matter when 
supplied NH, (90 ppm + nitrapyrin) than NO,, irre- 
spective of the mode of application (single vs. mul- 
tiple).20 A Brazilian variety of rice [('de abril"] pro- 
duced the largest amount of dry matter under 150 ppm 
NH,-N plus 30 ppm nitrapyrin, whereas other varieties 
did poorly under these conditions.60 This same variety 
was found to produce large amounts of dry matter in a 
nutrient solution containing 12 ppm A1 (unpublished 
results). In contrast, Cenchrus ciliaris, a species that 
does not tolerate Al, produced more dry matter when 
supplied NO, than with NH, nutrition." 

The physiological basis for this tolerance of Al 
and NH, is not clear. As shown in Table 5, Brachiaria 
plants fertilized with NH, have a lower root RCEC 
than plants under NO,, a process that may help exclude 

A1 from root free space.'@' Also, the rhizosphere of 
Brachiaria plants supplied NH, became extensively 
acidified during the first week of This low 
pH leads to a reduction in Al condensation on the root 
surface due to a reduction in the net negative charges 
at the cell walls.48@ At pH below 4.0, Al is present as 
Al(H,O,)+++ ions, which repel each other. 

Rice plants tolerant of higher levels of NH,-N 
were also shown to have a higher content of carbohy- 
drates in the tops than the non-tolerant plants.@' Thus, 
it is possible that tolerant plants exclude NH, uptake, 
have higher photosynthetic activity, or have higher 
rates of carbohydrate translocation to roots.60-69 A larger 
supply of carbohydrates to the roots means a greater 
availability of C skeletons needed to neutralize excess 
NH, by incorporating it into organic forms (amino and 
amide N), and for the production of organic acids 
(mainly citrate, oxalate, and malonate) needed for the 
complexation of Al inside the cells and its deposition 
into the vacuoles.108 The fact that non-Al-tolerant plants 
grow better with NO, than NH, nutrition may be due 
to the alkalinization of the rhizosphere due to NO, 
uptake, whereas part of the extracellular A1 may be 
precipitated out @H above 5.0).11J3J77J89 Some grain- 
producing plants such as barley, wheat, and corn are 
particularly efficient in the alkalinization of their rhizo- 
sphere when under NO, n u t r i t i ~ n . ~ ~ J ~ ~ . ~ ~  A Brazilian 
rice variety (IAC-25) changed the pH of the nutrient 
solution up to pH 6.6 within 3 weeks after the applica- 
tion of 8 ppm A1 to the nutrient solution.83 

When present at low concentration in nutrient 
solutions (0 to 10 ppm), A1 stimulates NO, uptake by 
plants. This is possibly by blocking the negative charges 
in the root free space and thus facilitating the diffusion 
of the NO, ion through the pores of root apo- 

Selection of plants for A1 tolerance based on alka- 
linization of the rhizosphere also selects for low cation 
uptake and, conversely, high anion uptake. Thus, this 
mechanism may not be useful for plants in environ- 
ments with limited available nutrients.'08 Another im- 
plication of the different forms of N is that nitrogen- 
fixing legumes growing in soils low in NO, should be 
more sensitive to A1 toxicity than in soils high in 
No,.115 Brachiaria decumbens plants supplied NO, (at 
6.0 ppm Al) had 0.53% P in their roots as opposed to 
0.38% P for plants supplied NH,. The inverse was true 
for the tops, that is, when supplied NH,, plants had 
higher P.I2 

Higher concentration of P in plants supplied NO, 
may be due to higher root/shoot ratio. However, the 
higher content of A1 in roots may form Al-P com- 
plexes on the cell wall surface without any direct 
involvement of root m e t a b ~ l i s r n . ~ ~ . ~ ~  Plants supplied 

plasts.67.82.83.302 
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TABLE 6 
Variation of pH: Amount of H+/OH- Necessary for Adjusting the Nutrient Solution pH to 
4.2. Total Dry Weight and Root CEC of Brachiaria decumbens, under Different Al Levels 
and N-Carriers 

0 
0.75 
1.5 
3.0 
6.0 

2.24 20.95a 300 19.4a -0.75 25.41a 890 13.0a 
1.30 18.46ab 211 14.9b -0.73 20.35ab 1190 8.3b 
1.14 17.09ab 212 12.3bc -0.64 18.88b 1207 8.4b 
0.50 18.04ab 60 8.9cd -0.54 16.18b 1265 10.2ab 
0.12 14.59b 0 7.7d -0.50 15.18b 1550 9.6b 

Note: Means followed by the same letters are not statistically different. 

a Average H+/OH- consumption per unit dry wt. 

Adapted from Arruda et al., Pesqui. Agropecu. Bras., 18, 1031, 1983. With permission. 

NH, translocated more P to the shoots12 regardless of 
Al levels in the nutrient solution. The results of Armda 
et al.'* and Femandes et al.67 suggest higher metabolic 
efficiency in the use of P by roots and higher translo- 
cation rate of P to the tops as characteristics of plants 
tolerant to Al. NH4-N nutrition favors the expression 
of this character. 

X. N-NUTRITION AND CHANGES IN THE 
RHIZOSPHERE 

A. Changes in Rhizosphere pH 

Changes in pH at the apoplast-soil solution inter- 
face are a consequence of biological mechanisms such 
as nitrification, sulfur oxidation, and organic matter 
mineralization. Root respiration and the activity of 
associated microorganisms also contribute to these 
changes; CO, produced in respiration reaches equilib- 
rium in soils according to the equation: CO, + H,O B 
H+ + HC03-. At pH values lower than 5.2, the equilib- 
rium of this equation is shifted to the left and the CO, 
produced can flow through the pores of the soil with- 
out contributing to soil a ~ i d i t y . ~ ~ ~ . ~ ~ ~  Rhizosphere pH is 
more strongly influenced by the mechanisms that regu- 
late acidbase exchange in response to nutrient uptake 
by  plant^.^"^^ Thus, pH changes such as those ob- 
served in nutrient solutions due to unbalanced uptake 
of cations (mainly NH,+ and K+) or anions (mainly 
NO3-) can also be seen in soils. The measurement of 
pH changes at the root/soil interface is a complex task; 

however, very precise measurements have been made 
with the use of microelectrodes.250 

The extent of pH variation depends on H+ or HC03- 
production rates and on the diffusion of these ions in 
the soil. In a simulation by Nye,ml it was shown that 
the diffusion coefficient for H30+ reaches its minimum 
values at pH 5.3 to 6.0. This value decreases with 
increasing partial CO, pressure (pC0,); however, pC0, 
is less effective over the acid pH range in which [H+] 
is much greater than [HC03-1. Other factors that should 
be taken into consideration in Nye's modelzo1 are the 
water content of soil, time of reaction, effects of root 
hairs, and the soil-buffering capacity; the latter being 
the most important factor in determining the volume of 
rhizosphere likely to undergo pH changes. Schaller,250 
studying the effect of soil-buffering capacity on pH 
profiles of several soils planted with peanuts, observed 
that the extension of the pH profiles and acidification 
near roots are largest in soils with bulk pH near 6.0 and 
partially confirm Nye's model predictions. These re- 
sults show that soils low in clay and organic matter 
content permit greater changes in rhizosphere pH at a 
pH-min close to the 5.3- to -5.5 range. On the other 
hand, soils high in clay and variable charge compo- 
nents should reduce the range of H+ or OH-/HC03- 
diffusion to the rhizosphere with pHs values in the 5.5- 
to-6.0 range, thus reducing pH variations (ApH). 

Fernandes and Rossiel10~~ grew corn in a pot ex- 
periment using a soil from Santa Cruz (Rio de Janeiro) 
with an initial pH of 5.52 and an organic matter con- 
tent of 16.5%. Plants were grown for 25 d and NH4-N 
was applied (0 to 100 mg/kg), with (CNS) and without 
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(SNS) 20 m a g  nitrapyrin (Figure 9). A pHs (differ- 
ence between initial pH and the pH at harvest) were 
calculated. The highest A pHs observed for SNS and 
CNS treatments were +0.61 and 4 .52 ,  respectively. 
This suggests soil pH was more affected by nitrifica- 
tion of applied NH, than by N taken up by plants. 
Similar results were reported by several authors.'J0,266 

Luisi et al.*48J49 studied the effects of K (32 and 
64 m a g )  applied either as K2S04 or as stillage, and N 
(100 m a g )  applied as NO3 or as NH, on corn grown 
in a Typic Paleudult (sandy loam) of low buffering 
capacity. A wide variation in pHr (as determined by 
Riley and BarbeP,) was observed at each 15-d inter- 
val. Maximal variations of 1.2 pH units @Hr-pHs) 
were observed for plants supplied NO, while for plants 
supplied NH, and K, maximal variation was -0.6 pH 
units. This suggests that active proton extrusion had a 
higher impact on pHr at soil pH (pHs) of 5.5 to 5.9. 
Variations in pHr and pHs similar to the above have 
been observed for soybeans, alfalfa, wheat, peas, let- 
tuce, rape, corn, rice, Paspalurn, Brachiaria, and Dou- 
glas fir by several authors, using soils of different pH, 
CEC, and organic carbon content, and using NO, or 

In sugar cane grown in soil of low buffering ca- 
pacity, a reduction of pHs and pHr was observed 60 d 
after application of urea-N (0 to 150 kg N/ha).zdo This 

NH, as N - ~ 0 ~ r ~ e . l 3 , ~ ~ 3 , 2 7 , 5 0 . ~ . ~ 3 . 2 3 7 , 2 6 6 , u 5  

effect could be attributed to a greater liberation of H+ 
to the bulk soil during the process of urea nitrification. 
A similar result was observed by Chancy and 
K a m ~ r a t h ~ ~  for corn growing in three soils of different 
buffering capacity 34 to 48 d after application of urea 
(0 to 224 kg/ha). However, when urea (112 kg N/ha) 
was applied with nitrapyrin, the pH increased in all 
three soils. The authors35 suggested that this resulted 
from the suppression of nitrification following hy- 
drolysis of urea and the formation of N&co, when 
nitrapyrin was included. The pH increases were small 
and nonsignificant when compared to the pH of the 
controls (5.64 to 6.50). Part of the alkalinity generated 
may have been neutralized by the NH, taken up by 
plants under these conditions. Raven222 has estimated 
that the acquisition of N as NH, (or as CO[NH,],) 
would generate an excess of 0.22 mol H+ per mol N 
taken up. It has been demonstrated that the N-source, 
N-rate, and timing of N application have different 
effects on pH of bulk soil, and an even more pro- 
nounced effect on the rhizosphere pH. H+/HCO,- gra- 
dients (ApH) are thus generated and can be measured 
with variable degrees of precision. Contrary to what 
happens in nutrient solutions where buffering capacity 
is generally low, in soils the pH changes are small, 
although the direction of change is the same. There is 
no linearity with the amount of N applied, since the 

CNS ?= 1.87 +6.4x 
r -0.91"' A-A 

c i 
-I -2 -3 - 4  -5 -6 

A pHs 

FIGURE 9. pH X dry weight accumulation in corn. (Adapted from Fernandes, 
M. S. and Rossiello, R. 0. P., Cer. Res. Cornrn., 6, 183, 1978. With permission.) 
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intensity of the A pH change depends on the buffering 
capacity of the s0il.201.237~z0 

Theoretically, an NHJNO, molar ratio of 0.64 to 
0.68 should result in no net change in solution pH 
because H+ generated by NH, uptake is counterbal- 
anced by OH- generated in NO, uptake and assimila- 
tion?” From this standpoint, the values presented above 
are, within the limits of the experimental error, in 
agreement with the propositions of Raven.221J22 When 
a careful balance is made between the total cations and 
anions taken up, there is excellent agreement between 
data obtained from nutrient 

Plants in the field also acquire part of their N 
through the shoot, a fact that changes the metabolic 
balance of plants relative to their charge balance. For 
a review on this subject, see Raven.222 

B. Root Exudations and Carbon Losses 

Root systems add variable quantities of C to the 
soil. The amounts and quality of these C compounds 
have been reviewed by Scott-R~ssell,2~~ R0vira,2~l and 
Rovira et aLm2 A certain amount of negative charge 
(R-COO-) can be added to the soil as plants shed off C 
compounds from their roots. This is another buffer 
mechanism in addition to OH- extrusion or H+ co- 
transport inside cells. The amount of carboxylates added 
to the rhizosphere during active growth of root sys- 
tems in nutrient solution seldom exceeds 1% of dry 
weight.w However, rates of rhizodeposition in soils 
can be 2 to 4 times those in solution culture (5 to 25% 
of net C assimilated by the plant)?95 This transfer of C 
from the root to the rhizosphere may result in a net loss 
of phot~synthates .~~~ This loss of C may be one of the 
main reasons for the lack of a positive correlation 
between CO, exchangehit area of leaves and crop 
yield.272 However, this is a debatable matter when we 
deal with plants adapted to soils of low natural fertility. 
Just to mention one such situation, Camelia sinensis 
exudes significant amounts of malic acid into the soil.118 
These exudates represent a “loss” in terms of plant 
growth, but they are the mechanisms whereby this 
species taps soil P that would otherwise be unavail- 
able. It would appear that many of the mechanisms that 
allow plants to survive in environments poor in avail- 
able nutrients are opposite to those that allow high 
productivity in environments where nutrients are not 
limiting.239 It should be remembered that the genetic 
mechanisms for the control of nutrient uptake under 
conditions of low availability are not the same that 
operate under nonlimiting conditions.52 These differ- 
ences are important because plants otherwise would 
act as linear accumulators of nutrients from the soil 

solution. Experience shows that this is not the case, but 
that there are several internal mechanisms for parti- 
tioning energy for growth and for nutrient acquisition. 

XI. NITROGEN NUTRITION AND PLANT 
GROWTH 

The importance of N-nutrition and several aspects 
of N-plant interactions for growth and productivity 
have been emphasized at recent symposia and meet- 
i n g ~ . ~ ~ , ~ ~ ~ . ~ ~ ~  If we consider the volume of information 
on this topic in the literature, it becomes virtually 
impossible to cover this subject within the limited 
space of this review. Thus, we have selected a few 
aspects of the N-nutritiodplant growth relationship 
that seem most relevant for this review. 

In the previous section we described several mecha- 
nisms through which plants take up NO, and NH4. 
Plants can preferentially take up anions (mainly NO,) 
over cations, with consequent alkalinization of the 
rhizosphere. In contrast, when there is a preferential 
uptake of cations (NH4) over anions, acidification of 
the rhizosphere occurs. This ability of plant roots to 
change their rhizosphere pH has important conse- 
quences for the mineral nutrition of plants because the 
availability and, consequently, the uptake of many 
nutrients depend on soil pH.1879290 

There are many reports on the quantitative rela- 
tionships between the exudation of acid or base by 
plant roots and the uptake of excess cations or anions. 
The form and concentration of N have great influence 
on rhizosphere pH because N is a nutrient of high 
metabolic demand.69.70J48 

Proton pumping activity is electrogenic and con- 
stitutes one of the most important mechanisms in the 
mineral nutrition of plants. Proton pumping is very 
rapid and estimates of the order of 5 to 20 pmol/cm/s 
have been made?” Nye,201 in his simulation model for 
pH changes across the rhizosphere, used the more 
conservative value of 3 pmol/cm/s. Preliminary results 
obtained in our laboratory (unpublished data) using 
corn seedlings grown for 192 h in nutrient solution 
with 20 ppm (NH,-N as the sole source of N have 
shown an intense proton pumping activity up to hour 
144 after transplanting the seedling to the nutrient 
media. Values for “apparent” H+ pumping activity of 
up to 17.4 pmol/cm/s were obtained (Table 7). 

The highest ApH observed in these trials was 
-1.84 pH unit during the first 48 h with a decay rate of 
-0.51 pmol H + / d  per pH unit within the 5.5 to 3.7 pH 
range. The increase in H+ efflux during the 48- to 96-h 
interval may have been due to an increase in nutrient 
solution temperature and consequent increase in the 
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TABLE 7 
Apparent H* Efflux per Unit Area of Corn Plants in Nutrient Solution' 

RGR,,b AH+ AHVARS Apparent effluxc 
Hours cm2 cm4/h 1 V  pmol 3. 44A pmolH*/cm2 pmolH*/cm2/s 

0 4 8  8.50 664 5.64 13.3 
48-96 3.46 1153 18.13 17.4 
96-1 44 2.90 1034 16.67 13.4 

144-1 92 4.30 223 2.04 2.4 

a 2 plants per pot, in 3.44 I nutrient solution (initial pH 5.55). 
b RGRR, = Root Surface Relative Growth Rate, calculated as: 

RGRR, = LnRS,, - LnRsJt, - ti, where RS = root surface (cm2 per pot) and t = time 
(in hours). 
"Apparent" H+ efflux, calculated as: 

EH+ = AH+/ARS RGRRB 

rate of nutrient uptake. This could be inferred from the 
consumptive water use rate during this period. A drop 
in pH solution from 6.1 to 4.3 was also observed for 
rice seedlings (4 plants/pot) cultivated under 5 ppm 
NH,-N for 90 h (unpublished results), and pH changes 
in solution due to the differential uptake of NH, and 
NO, have been shown.69 Plants were subjected to in- 
creasing levels of A111,67 and the nutrient solution was 
adjusted to a composition similar to that of a Hoagland 
solution at 0.25 ionic strength adjusted to an initial pH 
of 4.2. The greater changes in solution pH were ob- 
served at 0 A1 levels during the first 48 h (Figure 10) 
with pHs of 2.24 and 0.75 for NO, and NH,, respec- 
tively (Table 7). In the corn experiment referred to in 
Table 6, it was observed that 896 pmol of H+ were 
produced per unit dry weight during the first 48 h of 
growth. This was about the same rate found for 
Brachiaria, in which 890 pmol OH-/g dry wt were 
used to neutralize the H+ pumped out by plants in 
response to NH, uptake (values for 0 Al; Table 7). 

In dicots the estimates are about the same. In 
nodulated soybean, values ranging from 0.7 to 1.08 meq 
H+/g dry wt have been rep~rted;~."~ 0.8 meq/g dry wt 
reported for alfalfa fvring N, under field conditions.m 

A. N-Nutrition and Root Growth 

In soybeans, Riley and Barberz3, have shown that 
root length/g dry root decreases with increasing pHr, 
and a very strong negative relationship was shown 
(r2= -0.74). Root length decreased from 180 to 
120 mm g-I dry root as pHr increased from 4.7 to 
7.5. NH,-fertilized soybeans had a lower pHr as com- 

pared with NO,-fed plants, and NH,-fed roots aver- 
aged 18% longer per gram. The longer, finer roots of 
NH,-fed plants should increase P uptake compared 
with roots of NO,-fed plants, although differences in 
root length would not account for all the differences in 
P-u~take.2~~ Thus, an additional question is how to 
evaluate the effect of different N-sources on root length, 
root surface area, and dry matter accumulation. When 
approaching this problem, we estimated the relative 
growth rate (RGR) of corn roots subjected to 15 differ- 
ent treatments that included different combinations of 
N-carriers and K sources (K,SO, and stillage).Ia The 
highest RGRs for two periods of 2 weeks each (15 to 
30 and 30 to 45 d after emergence) were associated 
with N, (NO,), N,V or N,K, while plants under NH, 
(N,) or its combinations (N,V, N,K) showed the low- 
est RGR values (Table 8). As shown by Luisi et al. 
(1982),Ia there is a negative correlation of pHr, be- 
tween periods, and RGR in roots (Figure 1 in Luisi et 
al., 1982).'@ This statement cannot be generalized with- 
out due consideration of the pHs and pHr of the plant 
environment. Plants supplied (NH4),S04 had a lower 
initial pH than plants provided Ca(NO,), and also has 
the lowest root/shoot ratio at 30 and 45 d. The root/ 
shoot ratio correlated positively with rhizocylinder acid- 
ity both at 30 and 45 d (r = 0.566* and r = 0.910**, 
respectively). These results suggest that acidification 
of the corn root environment (at least at moderate 
levels) favors the allocation of carbon to the roots and 
results in higher root/shoot ratios. However, this may 
not be true when acidification begins at low initial pH. 
Increases in H+ concentration beyond a base level @H 
4.6 and 4.8 to this soil) decrease root RGR. A reduc- 
tion in the demand for C and nutrients in roots seems 
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TABLE 8 
Relative Growth Rates and Root/Shoot Ratio of Corn 
Plants, as a Function of K Sources and N-Carriers 

Relative root growth Rootlshoot ratio 

15-30 30-45 15 30 45 
Treatments mglgld s/s 

101 .Ofg 
101 .Ofg 
89.79 

11 1.5ef 
1 13.0ef 
134.2bc 
147.9a 
149.5a 
125.5bcde 
139.8ab 
118.lde 
96.2fg 

124.7cde 
129.3bcd 
105.0fg 

22.9de 
31.2bcde 
27.5cde 
22.26 
21.6e 
40.6abc 
28.lcde 
37.9abc 
45.0ab 
46.9a 
34.7abcde 
25.1 de 
43.0abc 
28. Ocde 
21.5e 

0.34b 
0.35b 
0.43a 
0.34b 
0.33bc 
0.28bcd 
0.27cd 
0.24d 
0.32bc 
0.33bc 
0.32bc 
0.24d 
0.23d 
0.24d 
0.25d 

0.37ab 
0.39a 
0.37ab 
0.36ab 
0.37ab 
0.29cde 
0.32bc 
0.27cde 
0.28cde 
0.25e 
0.23e 
0.25e 
0.24e 
0.25e 
0.25e 

0.29bc 
0.35a 
0.32ab 
0.32ab 
0.31 ab 
0.26c 
0.24c 
0.26c 
0.26c 
0.27bc 
0.20de 
0.19de 
0.21 de 
0.21de 
0.21 de 

T = untreated soil (control). Vl, V, = 32 or 64 mg Wkg of soil as 
stillage. K,, K, = 32 or 64 mg Wkg of soil as K,SO,. N,, N, = 
100 mg N/kg soil as Ca(NO,), (N,) or (NH,),SO, + 20 pg/g Nitrapyrin 
(N,). Means follows by the same letters are not statistically different 
(Duncan). 

From Luisi et al., Rev. Bras. Cienc. Solo., 7, 69, 1983a. With permission. 

to occur, and these elements are allocated for shoot 
growth. Similar results in the partitioning of dry matter 
as a result of rhizosphere acidification have been shown 
for rice,60 Puspulurn~o and There are both 
direct and indirect effects of pH on plant growth. Di- 
rect effects of pH in nutrient solution with pieces of 
corn roots showed that maximum elongation occurred 
at pH 5.0.86J86 Although smaller stimulative effects on 
root growth could be observed at pH 4.0, a very sharp 
decrease in root growth was observed at pH 3.0.86J86 
The same is true on the alkaline side, with a linear 
decrease in root growth between pH 6.0 to 
Three-month-old coffee plants grown for periods up to 
5 months in nutrient solutions of pH from 4.0 to 7.5 
had the highest growth at pH 4.0 to 5.0, a small reduc- 
tion in growth rate at pH 6.0, and a sharp drop in 
growth at pH 6.0 to 7.5.lS 

There appears to be a need for H+ extrusion at the 
apoplast level for root growth and expansion to take 
place. Increases in protonation on the cell wall surface 
(R-COO- radicals) have a stimulating effect on the 
plastic and elastic extensibility properties of 
~ o o ~ s . ~ ~ ~ ~ ~ ~ J ~ ~ ~ ~  Many studies have been conducted on 

the “acid growth theory” whose postulates have been 
summed up by Taiz.288 Protons have a loosening effect 
on the complex linkages of the glycoprotein compo- 
nents of the apoplastic matrix. This allows the deposi- 
tion of raw materials synthesized at the symplasm, and 
the building of a new cell wall under conditions of 
positive cell pressure.18o 

The relation between the “specific root elongation 
rate” (cm/g/d) and the surface charge density of four 
corn hybrids grown in solution culture with 20 mg N/I 
solution is shown in Figure 1 1. The pooled data were 
taken from calculated values obtained by M e n d e ~ . ’ ~ ~  
Root CEC was estimated from the “fine root” fraction 
(mean root diameter ~ 1 . 5  mm, independent of its ori- 
gin [nodal or seminal]). The “specific root elongation 
rate” is a product of the specific length (cm/g dry 
roots) by the root RGR (g/g/d) at specific dates be- 
tween 35 and 72 d after planting (DAP) as inferred by 
the best fit to growth of the original data. These data 
include the effects of ontogenetic changes in relative 
root elongation, which is reduced from 0.16 to 
0.08 cm/cm/d) during this period, while the root charge 
density increases from 0.15 to 0.47 peq/cm/cm 
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FIGURE 10. pH variation of the nutrient solution of Brachiaria plants grown under NH, 
or NO, and 5 levels of Al. (From Arruda, M. L. R., UFRRJ, M.S. thesis, 1982. With 
permission.) 

depending on the hybrid. This data (Figure 11) can be 
interpreted in two ways: either they are a simple prod- 
uct of negative covariation between root traits, or they 
indicate that a reduction in root charge density may be 
involved in the increase in elongation rate of roots. 

Silva et alJm have grown corn plants in pots for 
58d  to study the effects of NH4-N with (CNS) and 
without (SNS) nitrapyrin. NH, was applied at 13,28, 
and 43 DAP (30 p.g/g). Nitrapyrin was added at rate of 
20 pg/g at 13 d and two additional applications were 
made (5 pdg)  at 28 and 43 DAP after sowing. There 
was a tendency for nitrapyrin to depress all root RGR 
traits (fresh and dry weight, volume, total root length, 
and root surface area). The most affected character 
was root length. Relative root length in the CNS plants 
was about 36% lower than that of the SNS plants in the 
exponential phase of root growth (Figure 12). These 
effects have been attributed to metabolic disturbances 
caused by NH, uptake by plants for long periods of 
time,61.88 which leads to chronic intoxication by NH,. 
It appears that elongation of root systems of corn 
plants in oxydic soils of low nitrification rates is nega- 
tively affected by the application of NH,-N and a 
nitrification inhibitor. 

Slower root elongation due to NH, nutrition has 
been reported by other authorsg whereby can limit 
the actual volume of soil exploited by root systems. This 
seems to be of particular importance when the down- 
ward growth of root nodal axes are restricted during dry 
spells when roots need to grow deeper to obtain water.g 
Also, in the experiment of Silva et al.2m it was estimated 
that, during the 43 to 58 DAP period, mean rates of root 
elongation (per unit of root dry weight) were 52.7 and 
37.7 cm g-l d-1 for the SNS and CNS treatments, respec- 
tively. Anderson et al.9 observed that plants grew better 
under NH4-N nutrition than under NO,-N. The data 
suggested that NH, caused thicker laterals. Cross-sec- 
tional areas of the first tier nodal roots were 27% larger 
under NH., and the second tier roots were 10.5% larger 
under NH, than NO,. Changes were observed in the 
stelar and cortex regions of roots. Changes in the cortex 
area accounted for most of the NH,-induced thickening 
in the 2nd tier of nodal roots. 

Reductions in fresh weight and wilting were ob- 
served in tomato210 and s u n f l ~ w e r ~ ~ ~ . ~ ' ~  plants under 
high NH, in nutrient solution. The reasons why NH, 
affects the water relations of plants even under condi- 
tions of controlled solution pH are not clear. Ragab219 
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FIGURE 11. Relations between the surface charge density of roots and the 
specific root elongation rate of 4 corn hybrids grown in nutrient solution. 
(Calculated from data of Mendes, A. M., UFRRJ, M.S. thesis, 1989. With 
permission.) 

suggested that the inhibitory effect of NH, on water 
uptake may be due to two mechanisms: in the short 
run, it may affect membrane integrity and this effect 
may be reversed by NO,; in the long run, there may be 
anatomical and physiological changes that make the 
reduction in membrane permeability irreversible. There 
also may be an effect of NH, on the uptake of K, which 
could decrease the osmotic potential and hydraulic 
conductivity of root ce11s.210.215 Thicker roots, and in 
particular a thicker cortex in the laterals of nodal ori- 
gin, may increase radial resistance to water and solute 
movement between epidermis and stele. 

B. N-Nutrition and Shoot Growth 

There was apositive correlation between ApH and 
total dry weight (root + shoots) (Figure 13) of 4 rice 
varieties for 53 d in pots with (CNS) and without 
(SNS) nitrapyrinP Nitrogen (150 mg NH,-N/kg of 
soil) was applied once at the time of sowing or in three 
split applications. ApH here is the difference between 
initial pH (5.7 before planting) and the pH at harvest. 
In relatively small pots the ApH is probably a good 
approximation of ApHr.7O In this experiment, a strong 

correlation between ApH and total N accumulated in 
shoots (r = 0.94**) of CNS plants was observed (Fig- 
ure 13), but the same was not true for plants without 
nitrapyrin (r = 0.64 ns), which would have both NH, 
and NO, available for uptake. To generalize on the 
relationships of N-nutrition to plant growth is a very 
difficult task because of the limits imposed by the 
N-sink-source relationship of each species. Two con- 
trasting species can be used to illustrate this point: 
wheat (Triticum uestivum L.), which is cultivated mostly 
in temperate and subtropical areas due to its thermal 
requirements, and cassava (Munihot esculentu, Cranz) 
which is the fourth most cultivated staple food plant in 
the world.40 In wheat, vegetative growth climaxes as 
the reproductive (economic) portion of the plant devel- 
ops and photosynthates accumulated during vegetative 
growth are partitioned to the reproductive tissues. 
Cassava, in contrast, has a simultaneous development 
of leaf and root (economic part) tissues?" There is little 
competition for substrate between shoot growth and 
grain development in wheat, while assimilates are par- 
titioned between root and shoot tissues in cassava. 

Because a substantial fraction of leaf N is associ- 
ated with photosynthetic enzymes, it is not surprising 
that there is a high correlation, especially in C, plants, 
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FIGURE 12. Effect of NH,-N (90 pg/g) with (CNS) and without (SNS) 
nitrapyrin on the root length of corn. (Adapted from Silva, F. L. 1. M., UFRRJ, 
M.S. thesis, 1985. With permission.) 

between photosynthetic rate and N application. Rubisco 
(Ribulose-bi-phosphate carboxylase) makes up 50% 
or more of the total soluble proteins in these spe- 
c i e ~ . ~ ' , ~ ~  In c, plants, Rubisco may account for 10 to 
25% of the soluble proteins, and PEP-carboxylase for 
another 10%.31J61 Sinclair and Hone2@ proposed that 
the relationships between photosynthetic rate and leaf 
N content should be formulated as leaf N content by 
unit leaf area (g N/m2 leaf). The authors observed a 
very significant relationship between C02 assimilation 
rate per unit area (mg COJm/s) and the N content per 
unit area (g N/m2). They used these values to estimate 
crop CO, assimilation rate, crop biomass accumula- 
tion and crop radiation use efficiency (RUE) in maize, 
rice and soybean?@ In general, RUE increases hyper- 
bolically as leaf-N increases, indicating the advantage 
of increasing leaf-N content when it is low in plants 
(>1.2 g N/m2). The efficiency of this relationship de- 
creases at higher values of leaf-N, a fact that may help 
explain the decrease in efficiency of N-fertilization in 
plants as the N-supply increasesm (Table 9). In rice, 
increased leaf thickness associated with increased leaf- 
N resulted in increased photosynthetic rate and re- 

duced capacity to increase leaf area.Igl As the photo- 
synthetic rate decreased with high leaf-N, the leaf area 
index (LAI) increased and self-shading occurs. There 
also is an increase in the stomatal resistance of the 
canopy as the leaf area increases, which leads to a 
decrease in net photosynthesis of the canopy. Actually, 
as a rule, the photosynthesis rate correlates negatively 
with the leaf expansion rate.Igl Solving this basic prob- 
lem of the contradictory contribution of N to both 
photosynthesis and leaf expansion is the focal point for 
improving rice yields through the management of ni- 
trogen nutrition. 

Traits in shoots and roots of sugar cane vary as a 
result of different levels of urea application to soilsug 
(Table 9). Urea-N applied to sugar cane resulted pri- 
marily in increased tiller number. Maximum leaf ex- 
pansion rate was not affected by N-rate; however, 
plants under 240 kg N/ha attained leaf expansion rates 
of 0.025 cm2/cm2/d at 120 DAP, while the highest leaf 
expansion rates for all other N-rates was reached at 
180 DAP. 

For practical purposes, a plant canopy is consid- 
ered fully developed when it intercepts 90 to 95% of 
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FIGURE 13. pH and dry weight accumulation of rice plants with (0) and without (0) a nitrification 
inhibitor. (Adapted from Fernandes, M. S., et al., Pesqui. Agropecu. Bras., 16, 303, 1981. With permis- 
sion.) 

the photon flux density (PFD)? That point was reached 
first by sugar cane plants under the highest N-levels 
(Table 9). This can be the result of higher tillering and 
early expansion of leaf area. Maximum LA1 was ob- 
served at 210 DAP when the death of excess tillers had 
homogenized the plant community to around 8 or 9 
tillers/m2. Thus the values for LAI in Table 9 indicate 
that plants maintained high relative growth rates per 
leaf area (RGR,) at the highest level of applied N. 
Plants at this highest N-level also had maximum net 
assimilation rates (NAR) at 180 DAP, while plants 
under 120 kg N/ha and 0 N had their maximum NAR 
at 210 DAP. The data in Table 9 agree with the obser- 
vation by Sinclair and Hone2@ that there is a tradeoff 
between N-assimilation (N available for photosynthe- 
sis) and leaf area growth in corn. Root growth density 
was evaluated only at final harvest (405 DAP) and is 
an estimate of root biomass after harvest. However, it 
is worth mentioning that plants had the highest root 
density at 120 kg N/ha (at 0 to 0.2 m). 

We estimated the crop radiation use efficiency as 
follows: 

RUE = CGR/Gr(f LAI) (in g/MJ); (CGR = crop 
growth rate (g/m2/d); Gr = global radiation (MJ/mz/d). 
f LA1 = is the relation between the intercepted PAR 
(PARJ and the total PAR (PAR,) (45% of the Gr). The 
equation is 

The 0.881 factor was obtained by Machado et al.151 
for the same variety. 

The effect of both LA1 and CGR on RUE, for a Gr 
of 20.93 MJ/m2/d (about 500 Cal/cm2/d), is shown in 
Table 10. The exponential decrease in RUE with in- 
creasing LAI may be due to self-shading by plants and 
to the selective interception of radiation by the upper 
stratum of the can0py.2~~ These results lead us again to 
the relationship between photosynthetic rate and leaf 
expansion rate. Leaf thickness decreases with increas- 
ing leaf area and leaves had low levels of N (through 
dilution), as well as low levels of free sugars; indicat- 
ing low levels of photosynthesis despite the high radia- 
tion levels. This also may explain why the higher 
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TABLE 9 
Shoot and Root Traits Affected by N-Application in Sugar 
Cane (Saccharurn spp. CV Na-57-79) Grown in an 
lnceptisol in Rio de Janeiro State 

N-Application (kg/ha). 

Root or shoot trait 

Maximum tiller 
number (m4) 

Maximum leaf 
elongation rate 
(cm2/cm-Vd) 

RFA interception 

Maximum MI 
Maximum Net 
Assimilation Rate 
(g/m2(leaf)/d) 

Maximum aboveground 
N accumulation rate 

Maximum growth 

("w 

(mg N/m2/d) 

rate of stalks 
(g/m2/d) 

Final yield 
(Tons. cane/ha) 

N-use efficiency 
(kg cane/kg N 
in stalk) 

(mg/cm2(soil) 
depth: 0-0.2 m 
04.4 m 

Root density 

0 

13.0b 

0.022 

79.0 

3.87~ 
7.04 

66.5~ 

24.55~ 

107.87~ 

1083.8a 

1.82 
0.46 

120 240 DAPb 

14.7a 15.la 150 

0.026 0.025 120-180 

91 .o 93.8 150 

4.25b 5.03a 210 
6.64 6.22 180-210 

89.7b 101.5a 180 

26.87b 28.40a 240 

124.99a 135.34a 405 

1027.7b 952.4~ 405 

2.68 1.50 300 
0.49 0.55 

Note: Means followed by the same letter are not different by the test 

a N-Urea applied at 93 and 123 DAP, P (1 50 kg P,O$ha); K (1 80 kg 
K,O/ha); Zn (4 to 6 Kg Zn/ha). 
DAP = days after planting. 

of Tuckey (0.05). 

accumulation of N by plants in the N, treatment re- 
sulted in higher LAI at 210 DAP but not a higher yield 
(Table 9). After reviewing the literature on sugar cane 
growth and yield, Rossiel10~~~ concluded that the re- 
sponse to N-fertilization was indeed very small; how- 
ever, associative N, fmation has been recently ob- 
served to play an important role in the N-nutrition of 
sugar cane?1J40,244 

XII. N-NUTRITION AND PROTEIN 
ACCUMULATION 

Grain proteins provide half the total protein pro- 
duced in the world. Cereal grain protein makes up 55% 

and legume grain protein 10% of this total. This is why 
understanding the factors that influence the synthesis 
and quality of grain proteins is so important. Grain 
proteins are divided into two groups: metabolically 
active or cytoplasmic proteins, and storage ~r0 te ins . I~~ 
Vegetative storage proteins also have been found in 

Grain storage proteins are typically found in the 
endosperm (mainly prolamins and glutelins), although 
small amounts of storage proteins can also be found in 
the embryo and aleurone layer. 

Prolamins and glutelins are the most important 
storage proteins in the grains of monocotyledonous 
plants. An exception is oats (Avenu sutivu, L.), in 

soybeans.'88 
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TABLE 10 
Effects of LA1 and CGR on the RUE in Sugar Cane 
(CV. NA 59-76) 

RUE (g/MJ) 

Variation CGR (g/m2/d) Par absorbed 
LA1 (MJ/m2/d) 5 10 15 20 Mean % 

1 .o 4.71 1.06 2.12 3.18 4.24 2.65 100.0 
2.0 6.67 0.75 1.50 2.25 3.00 1.88 69.9 
3.0 7.48 0.67 1.34 2.01 2.68 1.67 63.0 
4.0 7.82 0.64 1.28 1.92 2.56 1.60 60.4 
5.0 7.95 0.63 1.26 1.89 2.51 1.57 59.3 

Note: From an incident PAR of 9.41 6 MJ/rn2/d,* 5% is lost by reflection. From 
the remaining, 90% was absorbed, and 10% transmitted through 
foliage. MI = leaf area index. CGR = crop growth rate. RUE = Relative 
use efficiency of PAR, calculated as: 

RUE = CGR/PAR f (MI) 

Where: f (MI) is an asymtotic function: (l-e(-',e8r '"I)) 

* Corresponding to 500 cal/cm2/d, of solar global input (20,93 MJ/m2/d). PAR 
input was conservatively estimated as 45% of solar global input. 

which the main storage protein is globulin. In general, 
globulins are the major grain storage protein in dicoty- 
ledonous plants.112 

Prolamin is the major protein fraction in the grains 
of wheat (Triticum aestivum, L.),lZo barley (Hordeum 
vulgare, L.),133 and corn (Zea mays, L.).207 Prolamins 
and glutelins are the major storage proteins in sorghum 
(Sorghum bicolor, L. [Moench]), and glutelin is the 
major storage protein in r i ~ e . 3 ~ J ~ ~  

Cereals are generally low in grain protein content 
compared with legumes. Typical concentrations are: 
wheat, 14;lZ0 rice, 8%;134 oats, 13;la5 corn, 13%;" 
beans, 25%;133 soybean, 38%;42 and cowpea, 21%?3 

The nutritional value of proteins depends on their 
component amino acids. Glutamic acid, glutamine, 
and proline are the most abundant amino acids in 
cereal grain endosperm proteins,185 while lysine, threo- 
nine, tryptophan, and arginine are scarce.'% Albumins 
have the highest content of essential amino acids, pro- 
lamins have the lowest, and glutelins fall in between.& 

Several researchers have demonstrated that fertil- 
izer N increases grain yield and grain protein content 

In most situations, increased grain protein due to fer- 
tilizer N increases the prolamin fraction of the storage 
proteins, which reduces their relative nutritional value. 

Corn protein increased more rapidly than lysine 
with increasing N fertilization, which reduced the pro- 
tein quality.128 The opaque 2 type of corn is a mutant 

in wheat,77,78.M rice,199.276 barley,1'9297 and corn.128.197 

that blocks zein synthesis in the endosperm and grain 
protein is negatively correlated with grain yield. There 
is a positive correlation of grain protein with yield for 
normal corn hybrids.2% 

When I4C labeled lysine was injected below the 
developing ears of corn plants, most of the label ap- 
peared in glutamic acid and proline, two important 
components of prolamin.273 T s a P  found that prola- 
mins make up only 10% of the proteins in the embryo 
of normal corn and that increasing the rate of N fertil- 
izer increased the synthesis of zein in the endosperm of 
corn; however, high rates of N fertilizer increased the 
synthesis of albumins and globulins in the embryo but 
not the prolamins. 

Rice grain protein was increased when fertilizer N 
was applied either to soils or l e a ~ e s . 2 ~ ~  Rice has a 
relatively low grain protein content (6 to 8%)30 but, 
unlike other cereals, its protein is of high nutritional 
q~a1 i ty . l~~  Due to the low prolamine content of rice and 
oats, the proteins of these cereals have highest lysine 
and the lowest glutamic acid content.'*' The applica- 
tion of supplemental N fertilizer to rice resulted in an 
increase in grain protein and quality due to the increase 
in the glutelin fraction of the grain protein.276 

Synthesis of the various amino acids requires dif- 
ferent amounts of energy (as ATP or glucose equiva- 
lents). Synthesis of 1 g of glutamic acid requires the 
equivalent of 1.42 g of glucose, whereas synthesis of 
1 g of lysine requires 2.53 g of glucose. Because 
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prolamins have the highest content of glutamic acid 
and glutamine, it is less expensive for plants to store N 
as prolamins than as any other protein f ra~t i0n . l~~ Mitra 
et al.185 have shown that prolamins are the least expen- 
sive proteins energetically of the major endosperm 
protein fractions. 

N nutrition affects both the productivity of grains 
and the percent protein content of  seed^.^^.^^ Fowler et 
al.78 observed that wheat and rye required a minimum 
N availability in soil of 50 kg/h for the accumulation 
of minimum levels of grain protein (95.4 g proteinkg 
dry grain). Beyond the minimum, any increase in N 
availability in soil resulted in increased N concentra- 
tion in the grain. Increasing N availability to increase 
grain N also resulted in decreased N use efficiency. 
Thus, management systems for producing high grain 
protein will have low nitrogen-use efficiency for pro- 
tein production, and high levels of N may remain in the 
soil. Also, plants under a growth constraint, be it ge- 
netic or environmental, will accumulate N as grain 
proteins if excess N is available.78 

A negative correlation between grain protein con- 
tent and grain productivity has been reported as a 
common feature of plant response to mineral N nutri- 
tion.34,214,276,291 However, Sarandon and Gianibe lP  
did not find a negative correlation between protein N% 
in the grain and grain productivity when N was applied 
to wheat during anthesis. These authors suggest that 
the negative correlation between grain protein content 
and grain productivity is not necessary, but depends on 
the management of N. Turley and Ching297 also ob- 
served an increase in protein content of barley sup- 
plied N through foliar application of a urea-ammo- 
nium-nitrate solution (UAN), with no decrease in grain 
productivity. Increased protein content of rice grains 
was obtained by applying supplemental N both to soils 
and as a foliar ~ p r a y . 2 ~ ~  

In the experiments of S O U Z ~ ; ~ ~  the negative rela- 
tionship between percent grain protein and grain pro- 
ductivity depended on the timing of N application. 
Foliar applications of UAN 10 and 20 d after anthesis 
(20 + 20 kg/ha) increased grain yield of rice without 
any reduction in grain protein c0ntent.2~~ Also, foliar 
application of UAN at 40 + 40 k@a (10 and 20 d after 
anthesis) resulted in a 27.8% increase in grain protein 
content of rice without reducing grain yield (Figure 
14). Nishizawa et al.lw observed increases of up to 
44% in the protein content of rice grain endosperms 
with the application of 2% urea as a foliar spray at the 
full heading stage. The authors also observed that more 
than 70% of the extra protein produced was glutelin. 

The highest accumulation of grain protein in wheat 
was obtained with the application of N both at sowing 
and at the heading stage.B8 Increased protein content 

in wheat grain has been obtained in soils where le- 
gumes had been used as a green manure.15 

An increase in grain protein does not necessarily 
occur upon the application of fertilizer N, but depends 
on the timing of N application. Finney et d.77 observed 
that the application of urea to wheat plants before 
flowering resulted in increased grain yield but not in 
grain protein. However, urea applied at the seeding 
stage increased the percent protein content of grains. 
Higher increases in grain protein were obtained when 
more than one application of N was made, although the 
effects were not additive. 

Pushman and Bingham214 applied urea (45 k a a )  
to the leaves of wheat at anthesis and observed an 
increase in grain protein without any increase in yield. 
A 14.3% increase in grain protein content was ob- 
tained in barley (Hordeurn vufgare, L.) after applica- 
tion of 60 kg N/ha as nitrocalcium (CalN03]2).119 When 
21 kg N/ha was applied as a urea foliar spray in addi- 
tion to nitrocalcium, grain protein content increased to 
15.4%, while barley plants without N fertilization had 
only 9.3% grain protein. NPKS (53.8; 11.8; 22.2; 
2.2 k@a) applied to rice leaves after the beginning of 
the flowering stage caused leaf injury and reduced 
grain ~ield.2~ '  Application of NPKS to soybeans (Gly- 
cine MM, L.), both in single and multiple applications, 
also resulted in leaf injury;2o4 however, application 
during the grain-filling period resulted in significant 
yield increase. Yields of beans (Phaseolus vulgaris, 
L.) and cowpea (Vigna unguicufata, L.) were increased 
with the application of N to leaves at the beginning of 
the reproductive stage of Higher bean yields 
were obtained when nitrate was the N source and for 
cowpea when urea was the N source.73 

Because the enhancement of grain yield and grain 
protein involves the expenditure of extra energy, in- 
creases in grain protein content will make less energy 
available for increasing grain yield, and vice veTsa.208,2s 

Depending on when fertilizer N is applied, it can 
be used for leaf expansion instead of photosynthesis, 
or for the synthesis of proteins. The N used in protein 
synthesis may originate from either N reserves stored 
in leaves and soluble N in sheaths and culms or con- 
tinued uptake and assimilation from soil. Mobilization 
of leafN depends on the action of proteolytic enzymes, 
explaining the close relationship between the activity 
of proteolytic enzymes and grain protein accumulation 
in plants. Plants relying on leaf N for protein synthesis 
have small leaf areas at flowering, a small concentra- 
tion of leaf N remaining at harvest and a higher harvest 
index. In many plants, most of the grain protein origi- 
nates from N taken up and assimilated after anthesis. 
Since the activity of proteolytic enzymes is lower be- 
fore anthesis, the leaf area of these plants increases for 
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FIGURE 14. Effect of foliar N-application on protein and grain production of rice plants. (From Souza, unpublished 
results.) 

a longer period of time and leaves have a higher N 
content and lower harvest indexes. 

Plants relying primarily on vegetative stored N 
mobilize a larger fraction of the N accumulated during 
vegetative growth to the grain. In contrast, plants that 
continue to assimilate N from soil maintain a higher 
photosynthetic activity and may export a lower percent 
of the N accumulated during the pre-anthesis period to 
grain. Plants of the latter group depend on continuous 
N uptake after anthesis and on a high net assimilation 
rate in the leaves. 

These two sources of N for grain protein show that 
the N supply for protein formation in grains depends 
not only on how much N is available but also on when 
and where the supplemental N is obtained. Some au- 
thors have stressed that 50 to 80% of grain protein N 
is transported from vegetative tissues after being pro- 
duced there during the preanthesis Activity of 
the enzymes involved in N assimilation is related to 
the accumulation of protein N in grains; however, 
efforts to show an unequivocal relationship between 
NRA and the accumulation of grain protein have not 
been successfu1.139J47~7-zzg A high correlation between 
NRA at heading and the percent accumulation of pro- 
tein in barley grains has been rep01ted.I~~ At this stage 
of growth, most of the reduced N is translocated to the 
grain for protein synthesis instead of leaf expansion, 
and NO, is the predominant form of soil N. 

While there is little difference between the uptake 
of urea, NO,-N, or NH,-N applied to soils, the efficient 
use of foliar applied urea greatly exceeds that of other 
sources of N.’OO Other N sources have also been tried, 
such as UAN with 32% N). 

The urea taken up by shoots and roots is hydro- 
lyzed to NH, by urease or incorporated as such into the 
metabolism of plants. Direct urea incorporation is the 
reverse of the urea-omithine cycle and permits urea 
assimilation without previous hydrolysis to NH4+ and 
C0,.’O0 Urease, NR, and GS are the key enzymes in N 
assimilation in leaves. The activity of these three en- 
zymes increased after the application of UAN to the 
leaves of barley.297.298 

A. Vegetative Storage Proteins 

Synthesis of storage proteins occurs in most veg- 
etative plant tissues but is predominant in leaves.Ia8 
Although these proteins are not similar to the typical 
storage proteins of grains, they have many character- 
istics of the storage proteins such as gene expression in 
specific tissues, storage in vacuoles (similar to primi- 
tive protein bodies), and later degradation for 
reutilization in different 

Vegetative storage proteins (VSP) in soybeans act 
as a mechanism for the temporary storage of N. Con- 
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trary to the grain storage proteins that accumulate at 
the end of the vegetative period and during grain de- 
velopment, the VSP can accumulate at any moment 
throughout the life cycle of the plant in response to 
such stress condition as mechanical damage, excess N 
fertilizer, or the removal of pods. 

VSP can account for 10% of the total soluble 
protein of soybean leaves and gradually decreases as 
the seed matures.319 Removal of pods results in the 
accumulation of as much as 50% of the total leaf 
protein as VSP. In nonnodulating soybean plants, the 
accumulation of VSP and of VSP mRNAs in leaves 
was related to the N status of the plants.282 In 
nonnodulating plants with a low N supply, no VSP 
gene expression was detected, but as the N supply 
reached toxic levels, activity of the VSP genes in- 
creased considerably. The response accumulation of 
VSP with water and mechanical stress, and induction 
by jasmonic acid,287 indicate that VSP serve as a mecha- 
nism for temporary N storage. 

XIII. CONCLUDING REMARKS 

Lately, more emphasis has been given to sustain- 
able agriculture, a farming system that considers the 
potential of the soil and environment to take advantage 
of mechanisms through which plants interact with the 
rhizosphere to release nutrients that would otherwise 
be unavailable for plant nutrition.2g 

N is the primary nutrient in limited supply that 
affects the growth and productivity of plants. It is 
required in all phases of plant development. The high 
demand for N-fertilizer for efficient crop production, 
and the processes affecting the transport and distribu- 
tion of N-forms in soil, surface water, and ground 
water need to be considered in developing alternative 
farming systems. The highest possible efficiency of N- 
fertilizers should be achieved to avoid economic losses 
and environmental pollution. 

There is a great metabolic demand for N, and it 
induces many changes in the physiology of plants. N 
has multiple roles in the mechanisms controlling plant 
growth, particularly root growth and the interactions 
between plant roots and the rhizosphere. 

Additional research is needed to understand (1) 
the relationships between H+ extrusion, exudation of 
biologically active substances, and the N-uptake effi- 
ciency; (2) interactions between the activity of rhizo- 
sphere microorganisms and nutrient availability in the 
rh i~osphere ;~~ N-uptake efficiency and ways to ma- 
nipulate its effect on plant growth; (4) the uptake of N 
by leaves; (5) the more efficient use of NH, in soils as 
a source of N, and the development of more effective 

nitrification inhibitors; and (6) timely placement of 
fertilizer in the soil to insure efficient utilization with- 
out causing crop stress or environmental contamina- 
tion. 

Increased knowledge of N-uptake mechanisms and 
metabolism and development of appropriate technol- 
ogy for N-fertilizer application may more efficiently 
increase crop yields with the judicious use of nutrients 
and less potential damage to the environment. 
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