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Bioenergetic Considerations in Cereal Breeding 
for Protein Improvement 

Abstract. The bioenergetic implications of changing cereal grain protein concen- 
trations and amino acid compositions by plant breeding are examined. It is shown 
that increased inputs of carbon assimilates and nitrogen are necessary when increas- 
ing protein concentration in cereal grains while maintaining high yields. Also, ener- 
getic requirements for obtaining endosperm proteins with a high lysine content in 
genotypes of maize and barley are slightly higher than in normal lysine stocks. The 
implications for plant breeding are discussed. 
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tions are based are derived largely from 
microorganisms and assume that the 
pathways in crop plants do not differ 
significantly. 

Further, the nitrogen source is consid- 
ered to be nitrate, which can either (i) be 
reduced to NH.+ in roots, where the en- 
ergy required for reduction is provided 
by the photosynthetic assimilates trans- 
ported from the shoot, or (ii) be trans- 
ported as such to leaves, where nitrate 
reduction is carried out, at least under 
high light intensities, by using reduced 
nicotinamide adenine dinucleotide phos- 
phate (NADPH), thereby circumventing 
the use of carbon assimilates (5, 6). It is 
recognized that in a photosynthesizing 
plant there may be a number of process- 
es, including biosynthetic reactions, 
which are driven by adenosine triphos- 
phate and NADPH derived directly from 
the light reactions of photosynthesis 
without utilization of carbon assimilates 
for energy. At present, the magnitude 
and kind of contribution from these 
sources cannot be calculated. 

Increase in grain protein concentra- 
tion. Since carbohydrates are the major 
constituents of the dry matter of grain, it 
is assumed that any increase in the pro- 
tein percentage of the grain will be asso- 
ciated with a proportionate decrease in 
the carbohydrate percentage. The ener- 
getic cost of such an alteration is illustrat- 
ed (Table 1) by taking the example of a 1 
percent increase of protein in a typical 
bread wheat variety consisting of 14 per- 
cent protein, 82 percent carbohydrate, 2 
percent lipid, and 2 percent minerals. 
The assumption is made that the weights 
of grain and constituents other than pro- 
tein and carbohydrate remain constant. 
The net overall increase of photosyn- 
thates required to produce grain with a 1 
percent increase in protein would be 
roughly 1 percent. According to our cal- 
culations this would apply to other ce- 
reals as well. However, in the case of 
flooded rice, which takes most of its ni- 
trogen in the form of the ammonium ion, 
the additional photosynthate require- 
ment would be less, since 1 g of glucose 
yields 0.67 g of protein when NH.+ is the 
nitrogen source. 

These additional photosynthate re- 
quirements could be met by having a 
higher rate of photosynthesis or addition- 
al leaf area, by extending the period of 
photosynthetic activity, or by maximiz- 
ing the mobilization of photosynthetic re- 
serves into the grain. Several of the alter- 
natives themselves require an energy ex- 
penditure, but ultimately it is the net 
available assimilate that is important. 
The demand for assimilates is known to 
increase the rate of photosynthesis, as in- 
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Table 2. Standard chemical compositions and nitrogen requirements (milligrams of N per gram 
of photosynthate) for cereal grains. Assumed standard composition is from Spector (8). [Nitro- 
gen requirement is calculated by assuming that protein is 16 percent nitrogen by weight. The last 
column gives the percentage increase in nitrogen requirement for a 1 percent increase in pro- 
tein.] 

Assumed standard composition Nitrogen requirement Increase 
(% dry matter) (mg/g) in 

Crop With With 1% nitrogen With Withl% 1% Pro- Carbo- ipid Ash standard increase ment 
tein hydrate protein in protein (%) 

Wheat 14 82 2 2 16.0 17.0 6 
Rice 

NO3 as N source 8 88 2 2 9.7 10.8 11 
NH,+ as N source 10.4 11.7 12 

Maize 10 84 5 1 11.3 12.3 9 
Barley 9 80 1 4 11.5 12.3 10 
Sorghum 12 82 4 2 13.6 14.6 7 
Oats 13 77 5 5 14.8 15.8 7 
Rye 14 82 2 2 16.0 17.0 6 

dicated by leaf excision experiments (7). 
If this additional demand is not met, any 
increase in protein concentration is like- 
ly to be associated with depression of 
grain yield, which could be limited by (i) 
assimilate production (source), (ii) capac- 
ity for assimilate storage (sink), (iii) both 
assimilate production and capacity for as- 
similate storage, or (iv) capacity for 
translocation (7). In situation (ii), it 
would be relatively easy from the plant 
breeding viewpoint to meet the addition- 
al assimilate requirements for increased 
grain protein concentration without any 
decrease in yield. However, modern ce- 
real cultivars with very high yields prob- 
ably have their photosynthetic capacity 
and sink size closely balanced (7). In- 
creasing grain protein concentration in 
such cultivars may therefore require con- 
siderably greater efforts. 

Nitrogen requirement. The additional 
nitrogen required for seed production 
with increased protein was calculated by 
the method used by Sinclair and de Wit 
(3) and is given as percentage increase in 
Table 2. Taking the typical protein con- 
centration of various cereals (8), we cal- 
culated the additional nitrogen require- 
ment for increasing the protein concen- 
tration 1 percent (Table 2). It is apparent 
that each 1 percent increase in grain pro- 
tein would require an additional 6 to 11 
percent nitrogen for grain protein 
stoichiometry alone, depending on the 
crop variety and the initial protein con- 
centration. This nitrogen can come ei- 
ther by direct uptake from the soil during 
grain filling or by greater remobilization 
of nitrogen present before grain filling in 
leaves and other plant parts. The former 
would imply an additional fertilizer re- 
quirement for the crop and the latter re- 
quires internal energy. It has been esti- 
mated that "to relocate 11 mg N, 100 mg 
of dry matter is expected to be lost from 

the source organ, and the receiving or- 
gan would additionally receive a total of 
70 mg of dry matter" (9). 

Varietal differences in mobilization of 
nitrogen from leaves are known (9-12) 
and some gain by breeding may be real- 
ized in increasing the proportion of plant 
nitrogen in grain at harvest (PNG) or har- 
vest nitrogen index, a term used by Can- 
vin (13). The PNG to a large extent is in- 
fluenced by the harvest index. A nega- 
tive correlation between grain protein 
percent and harvest index or grain/straw 
ratio has been reported in wheat (14, 15). 
The high yield potential of the current 
semidwarf varieties is due to their higher 
harvest index, and such cultivars already 
have a high PNG [> 70 perceut in many 
(6)]. Further, the energetic consid- 
erations and the finite limits to what can 
be remobilized from leaves puts a con- 
straint on breeding gains. However, in- 
creased mobilization of nitrogenous ma- 
terial from leaves and the development 
of root systems that make more efficient 
utilization of available soil nitrogen are 
the only avenues for obtaining higher 
grain protein concentrations without ad- 
ditional nitrogenous fertilizers. 

In this context, ideas concerning the 
introduction of a nitrogen fixation capac- 
ity into cereals as a symbiotic process 
(16) need to be considered in terms of en- 
ergetics as well. Reduction of nitrogen 
from the atmosphere requires energy. 
Even if the genetic obstacles to in- 
troducing this process into cereals are 
overcome, there will be an energetic cost 
for symbiotic nitrogen fixation, and this 
most likely will compete with grain filling 
for photosynthates just as in the le- 
gumes. 

Alteration in protein composition. 
Opaque-2 maize, mutant 1508 barley, 
and high-lysine sorghum show increased 
lysine contents in their endosperm pro- 
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Table 3. Amino acid composition of normal and high-lysine maize and barley. Values are grams 
of amino acid per 100 g of protein. Sources were: W64A and W64Ao2, from Nelson (20); 'Eva,' 
from D. Boulter, University of Durham, Durham, England; Hiproly, from Munck (21); and 
1508, from the Seibersdorf Laboratory of the International Atomic Energy Agency. 

Amino Maize Barley 
acid W64A W64Ao2 'Eva' Hiproly 1508 

Lysine 1.38 3.53 3.65 4.07 5.37 
Tryptophan 0.26 0.67 0.81 0.81* 0.81* 
Histidine 2.49 3.06 2.13 2.14 2.74 
Arginine 2.92 4.97 4.56 4.48 7.46 
Aspartic acid 6.02 10.31 6.39 6.31 8.00 
Glutamic acid 22.36 18.91 25.86 24.41 17.00 
Threonine 3.01 3.53 3.15 3.56 4.50 
Serine 4.82 4.58 3.96 4.68 5.04 
Proline 7.39 8.21 12.07 12.21 7.02 
Glycine 2.58 4.49 4.26 3.76 5.37 
Alanine 8.68 6.88 4.26 4.27 5.26 
Valine 4.64 5.06 5.58 5.39 6.47 
Cystine 1.55 0.86 2.43 1.73 2.63 
Methionine 1.72 1.72 1.42 2.03 1.54 
Isoleucine 3.87 3.72 3.75 3.97 4.06 
Leucine 16.17 11.08 7.71 7.12 7.35 
Tyrosine 4.56 3.72 2.54 2.95 4.61 
Phenylalanine 5.59 4.68 5.48 6.10 4.71 

*Actual values are not known; standard barley values have been used for calculations. 

teins. This, in general, is brought about 
by a decrease in the prolamin fraction in 
the endosperm protein with a com- 
pensatory increase in other, mainly albu- 
min and globulin, protein fractions. An- 
other characteristic common to high-ly- 
sine stocks is their reduced grain yield. 
The substrate and energy requirements 
for the synthesis of normal and opaque-2 
maize and normal and high-lysine barley 
proteins were calculated by considering 
the biosynthetic pathways for different 
amino acids. The amino acid composi- 
tions on which the calculations were 
based are given in Table 3. Calculations 
were made by using the computer pro- 
gram described by Penning de Vries et 
al. (4). The results (Table 4) show that 
the energy and substrate requirements 
for the synthesis of high-lysine proteins 
are slightly higher than those for normal 

proteins in both maize and barley. A 
maximum increase of about 2.5 percent 
in glucose requirement is seen for the 

proteins of 1508 barley mutant, in com- 

parison with 'Eva,' a barley cultivar re- 

cently released in Sweden. This addition- 
al requirement would be for altering the 
amino acid composition alone. Increas- 

ing the protein concentration, if that 
were a breeding objective, would further 
increase the assimilate and nitrogen re- 

quirements. 
Implications for plant breeding and 

production. The additional energetic de- 
mands do not appear to be formidable if 
the goals for changing protein contents 
and amino acid compositions are not too 
ambitious (1 to 2 percent increase in pro- 
tein or lysine). Moreover, an increased 

lysine concentration would enhance net 
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protein utilization and ultimately contrib- 
ute to a higher yield of utilizable nitrogen 
and greater nutritional efficiency (17). 
Nevertheless, there is still the question 
of why the goals of higher protein and 

higher grain yields have not been real- 
ized more frequently. The typical yield 
reduction in improved-protein cultivars 
exceeds the predicted reduction in most 
cases. The possibility that some high- 
protein or high-lysine genes are linked to 
factors that impair endosperm devel- 
opment cannot be ignored. A high-pro- 
tein wheat cultivar, CI 17389 (NE 
701132), recently released by the Univer- 

sity of Nebraska and perhaps some 

opaque-2 maize hybrids in certain areas 
are exceptions to this general trend. In 
two successive years the yield and pro- 
tein concentration of Centurk, the high- 

Table 4. Glucose requirement for synthesis of 
maize and barley proteins with normal and in- 
creased lysine contents. The nitrogen source 
is assumed to be NO3-. The PV values are for 
protein with the amino acid composition speci- 
fied in Table 3 and are defined as in Table 1. 
Energy requirement factor (ERF)= (gram 
moles ATP required)/(weight of end product). 
Hydrogen requirement factor (HRF) = (gram 
moles NADPH required)/(weight of end prod- 
uct). 

Type PV ERF HRF 

Maize 
W64A 0.4085 0.0781 0.0292 
W64Ao2 0.4078 0.0836 0.0335 

Barley 
'Eva' 0.4112 0.0827 0.0314 
Hiproly 0.4090 0.0831 0.0323 
Ris0 mutant 
1508 0.4007 0.0885 0.0371 

est-yielding Nebraska variety, and CI 
17389 were compared under Nebraska 
conditions. The averages were grain 
yields of 3100 and 3060 kg/ha and protein 
concentrations of 13.8 and 15.3 percent, 
respectively (18). The disparity in yield 
(1.6 percent) associated with increased 
protein concentration (1.5 percent) was 
very close to what our calculations sug- 
gest. However, in the International Win- 
ter Wheat Performance Nursery in 1972 
and 1973 (19), at 25 test sites, CI 17389 
was lower in grain yield by about 6 per- 
cent in comparison with Centurk (18). 

It is apparent that an increase in pro- 
tein or lysine by breeding in most cereals 
would demand additional production of 
photosynthate. Alternatively, such in- 
creased photosynthetic production could 
be channeled into increased grain yield, 
but with a normal or even reduced pro- 
tein concentration. Hence improved- 
protein cultivars are likely to slightly lag 
the top-yielding cultivars in grain yield. 
The nitrogen fertilizer requirements of in- 
creased protein cultivars would be also 
higher. For instance, a rice cultivar such 
as IR-8 may yield about 6000 kg/ha, with 
8 percent protein in grain, under optimal 
growth conditions. If it were replaced by 
a new cultivar having the same yield but 
with 10 percent protein in grain, accord- 
ing to the calculations in Table 2 the ni- 
trogen requirement would increase by 24 

percent. 
Grains with 8 and 10 percent protein 

would give harvests of 480 and 600 kg/ha 
for protein or 76.8 and 96.0 kg/ha for ni- 
trogen, respectively, considering protein 
to be 16 percent nitrogen. If it is assumed 
that 70 percent of plant nitrogen is har- 
vested in grain, the actual nitrogen re- 

quirements for such cultivars would be 
109.7 and 137.1 kg/ha respectively. 
Therefore, the high-protein cultivar 
should have a plant type suitable for the 

projected level of nitrogen as well-that 
is, lodging resistance. Slightly reduced 

grain yield or greater inputs of nitrogen 
fertilizers would increase the production 
costs of such cultivars, and hence they 
might not be attractive to grow unless 
they fetched a premium for higher pro- 
tein. 

A further implication is that in breed- 
ing programs aimed at improving grain 
protein concentration, segregating gener- 
ations and subsequent selections should 
be evaluated at higher soil nitrogen lev- 
els than those considered optimal for the 
current commercially grown cultivars. 
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Glucose causes a net movement of 
Ca2+ from the extracellular to the intra- 
cellular space of pancreatic islets con- 

taining more than 90 percent of 3-cells 
(1). On fractionation of 45Ca-labeled is- 

lets, the isotope taken up in response to 

glucose was recovered with the insulin 
secretory granules (2). In intact islets the 

glucose-sensitive calcium pool displayed 
a marked inertia to provocations aimed 
at initiating its mobilization (1, 2). There- 
fore, it is doubtful whether the short- 
term insulin-releasing action of glucose 
is mediated by mechanisms for intra- 
cellular Ca2+ uptake. The rapidity with 
which changes of the extracellular cal- 
cium influence insulin release (3) sug- 
gests that secretion may depend on a la- 
bile pool that is perhaps located in the pe- 
riphery of the /-cells. 

To measure specifically the intra- 
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cellular calcium, in previous experi- 
ments we used lanthanum ions to wash 
the islets free of extracellular calcium 
and to prevent losses of intracellular ion 

(1). Lanthanum displaces calcium from 
cell surfaces. Therefore, if the /3-cells 
contain a membrane-located calcium 

pool that is important for secretion, it is 
possible that the lanthanum wash tech- 
nique prevented the detection of such a 
pool. In the present study we labeled the 
islets with 45Ca and studied the rate of 

disappearance of isotope from both lan- 

thanum-displaceable and lanthanum- 

nondisplaceable pools. The results in- 
dicated that the 13-cells contain a glu- 
cose-sensitive calcium pool that is dis- 

placeable with lanthanum and shows the 

mobility required of a plausible mecha- 
nism for coupling the glucose stimulus 
with secretion. 
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Fresh islets containing more than 90 
percent /-cells were microdissected 
from the pancreatic glands of noninbred 
ohlob mice; the islets were not exposed 
to collagenase during the isolation proce- 
dure. They were incubated at 37?C in a 
salt-balanced tris or bicarbonate buffer 
(1) supplemented with sugars (see Fig. 1 
and Tables 1 and 2). The cells were in- 
cubated for 10 or 120 minutes in buffer 
containing trace amounts of 45CaC12; the 
calcium concentration was 2.56 mM in 
all media. The 45Ca-labeled islets were in- 
cubated for various periods of time in 
nonradioactive medium, and the radio- 

activity retained by the islets was mea- 
sured by liquid-scintillation counting af- 
ter they were freeze-dried (-40?C, 0.1 

pascal) overnight, weighed on a quartz- 
fiber balance, and dissolved in hyamine. 
Before being freeze-dried, some islets 
were washed for 60 minutes with 2 mM 
LaCl, (1). The radioactivity of islets not 
washed with lanthanum will be referred 
to as "total" calcium, that of lantha- 
num-washed islets as "lanthanum-non- 
displaceable" calcium, and the differ- 
ence between the two groups as "lantha- 
num-displaceable" calcium. Samples of 
the '5CaCI2-containing medium used for 

labeling the islets were used as external 
standards in the counting procedure. Is- 
let radioactivities are expressed in terms 
of millimoles of calcium with same spe- 
cific radioactivity as the medium used for 
labeling the islets. 

When 45Ca2+-labeled islets are placed 
in a nonradioactive buffer, the spon- 
taneous disappearance of isotope is 
much slower from lanthanum-non- 
displaceable than from lanthanum-dis- 
placeable pools; virtually all of the 45Ca2+ 
retained by islets after 90 minutes of ef- 
flux is nondisplaceable with lanthanum 
(1). Therefore, in the present experi- 
ments we subjected the 5Ca-labeled is- 
lets to very brief periods of incubation (0 
to 5 minutes) in nonradiactive buffer. Fig- 
ure 1 shows the retention of 45Ca2+ by is- 
lets incubated with 45CaC12 for 120 min- 
utes in the presence of 3 mM D-glucose, 
20 mM D-glucose, or 3 mM D-glucose 
plus 17 mM L-glucose. D-glucose, but 
not L-glucose, stimulated the 45Ca2+ up- 
take to the lanthanum-nondisplaceable 
pool, and there was only a negligible loss 
of isotope from this pool during efflux in 
nonradioactive buffer. After 5 minutes of 
efflux, the effect of 20 mM D-glucose on 
the lanthanum-nondisplaceable pool 
fully accounts for the increase of total is- 
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nonradioactive buffer. After 5 minutes of 
efflux, the effect of 20 mM D-glucose on 
the lanthanum-nondisplaceable pool 
fully accounts for the increase of total is- 
let 45Ca2+ at this time point. However, af- 
ter 1 or 2 minutes of efflux, the labeling 
of the total islet calcium appeared to be 
greater than that of the lanthanum-non- 
displaceable pool. This difference sug- 

1421 

let 45Ca2+ at this time point. However, af- 
ter 1 or 2 minutes of efflux, the labeling 
of the total islet calcium appeared to be 
greater than that of the lanthanum-non- 
displaceable pool. This difference sug- 

1421 

Calcium and Secretion: Distinction Between Two Pools of 

Glucose-Sensitive Calcium in Pancreatic Islets 

Abstract. D-Glucose, but not L-glucose or 3-0-methyl-D-glucose, stimulates 45Ca2+ 

uptake by both lanthanum-displaceable and lanthanum-nondisplaceable pools in 

pancreatic islets. The nondisplaceable pool probably represents secretory granules, 
while the displaceable pool may be located in the 3-cell membrane. Kinetic studies 

with isotopically labeled islets suggest that only the displaceable pool participates in 

the short-term coupling of the glucose stimulus with secretion. 
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