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TABLE 10
Digestibilities of different sources of food protein in humans’

True
digestibility

Digestibility relative to
reference proteins

% %

Reference proteins

Egg 97#{247}32 100

Milk, cheese 95 ± 3 100

Meat, fish 94 ± 3 100

Plant proteins

Maize 85±6 89
Polished rice 88 ± 4 93

Whole wheat 86 ± 5 90

Oatmeal 86 ± 7 90

Beans 78 82
Maize, beans 78 82

Indian rice diet 77 81

Brazilian mixed diet 78 82

Filipino mixed diet 88 93

US mixed diet 96 100

1 Adapted from reference 1 1.
2�#{247} SD.

nut and corn, where each of the protein sources have a common

and quantitatively similar lysine deficiency and are both also de-

ficient in other amino acids. Type II response is observed when

combinations are made of two protein sources that have the same

limiting amino acid, but in quantitatively different amounts. Corn

and cottonseed flour, for example, are both limiting in lysine but

cottonseed is relatively less inadequate than is corn.

The third type of response (Type III) demonstrates a true com-

plementary effect because there is a synergistic effect on the

overall nutritive value of the protein mixture; the protein quality

of the best mix exceeds that of each component alone. This type

of response occurs when one of the protein sources has a con-

siderably higher concentration of the most limiting amino acid

in the other protein. An example of this response, based on stud-

ies in children (33), is observed when corn and soy flour are

mixed so that 60% of the protein intake comes from corn and the

remainder from soya protein.

Finally, the Type IV response occurs when both protein

sources have a common amino acid deficiency. The protein com-

ponent giving the highest value is the one containing a higher

concentration of the deficient amino acid. Combinations of some

textured soy proteins and beef protein follow this type of re-

sponse (34).

These nutritional relationships have been determined from rat

bioassay studies. However, the more limited results available

from human studies with soy and other legumes confirm the ap-

plicability of this general concept in human nutrition. This

knowledge helps us to understand and evaluate how nutritionally

effective combinations of plant protein foods can be achieved.

Our reason for discussing amino acid complementation is to

introduce the question of timing of ingestion of complementary

proteins. There is some concern, at least at the consumer level,

about the need to ingest different plant proteins at the same time,

or within the same meal, to achieve maximum benefit and nutri-

tional value from proteins with different, but complementary,

amino acid patterns. This concern may also extend to the question

of the need to ingest a significant amount of protein at each meal,

or whether it is sufficient to consume protein in variable amounts

at different meals as long as the average daily intake meets or

exceeds the recommended or safe protein intakes.

According to FAO/WHOIUNU (1 1), estimates of protein re-

quirements refer to metabolic needs that persist over moderate

periods of time. Although protein and amino acid requirements

are conventionally expressed as daily rates (of intake) there is no

implication that these amounts must be consumed each and every

day. Therefore, it is not essential, at least in adults, that daily

intakes of protein, or presumably of each indispensable amino

acid, must equal or exceed the physiological requirement; it is

apparently sufficient for the average intake over a number of days

to achieve this level. This pattern of intake would allow main-

tenance of an adequate protein nutritional state.

There is a limited database that we can consult to make a

definitive conclusion on the timing of consumption of comple-

mentary proteins or of specific L-amino acid supplements for pro-

teins that are deficient in one or more amino acids. Earlier work

in rapidly growing rats suggested that delaying the supplemen-

tation of a protein with its limiting amino acid reduces the value

of the supplement (35-38). Similarly, the frequency of feeding

of diets supplemented with lysine in growing pigs affects the

overall efficiency of utilization of dietary protein (39, 40). There

are few data available from human studies to assess the signifi-

cance of these findings. However, the relevance of rat and pig

studies can be questioned in view of the profoundly different

qualitative and quantative characteristics of protein metabolism

in rats and pigs compared with human subjects (41). Our studies

in human adults showed that overall dietary protein utilization

was similar whether the daily protein intake was distributed

among two or three meals (42). However, the supplementary ef-

fect in children of the addition of Phaseolus vulgaris to a maize-

bean diet was somewhat less when the supplement was given at

intervals of > 6 h (R Bressani and D Wilson, personal commu-

nication, 1992).

We believe that for usual conditions of healthy living it is not

necessary to consume complementary proteins at the same time

and that separation of the proteins among meals over the course

of a day would still permit the nutritional benefits of comple-

mentation. There are also physiological data to support this con-

tention.

Because lysine is most likely to be the limiting amino acid in

a diet based predominantly on cereal grains (30), it is of interest

and relevance that in the skeletal musculature there is a sizeable

pool in the intracellular space of free amino acids, particularly of

lysine. The size of this pool responds to changes, both acute and

chronic, in the amount of lysine ingested (43). Based on the data

of Bergstrom et al (44), we calculate that after a protein-rich meal
(providing 50 g bovine serum albumin) 60% of the adult daily

requirement for lysine may be deposited in this intracellular pool

within 3 h. Hence, a protein with a relatively low lysine content

(maize) could be ingested some hours later than a complemen-
tary, higher lysine-containing protein (eg, soy protein) and the

free-lysine pool in the muscle would buffer the low lysine content

of the amino acid mixture derived from the digestion of maize.

Overall, the nutritional quality of the combined meals would be

high.

We conclude that it is not necessary to balance the amino acid

profile at each meal, especially under conditions where intakes
of total protein substantially exceed minimum physiological re-
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TABLE I I

Plant proteins in human nutrition: myths and realities

Myth Reality

I ) Plant proteins are ‘ ‘incomplete’ ‘ (ie lack specific amino acids)

2 ) Plant proteins are not as ‘ ‘good’ ‘ as animal proteins

3) Proteins from different plant foods must be consumed together in
the same meal to achieve high nutritional value

4 ) Animal bioassay procedures are satisfactory indexes of the
human nutritional value of food proteins

5) Plant proteins are not well digested

6 ) Plant proteins alone are not sufficient to achieve an adequate diet

(protein intake)

7) Plant proteins are ‘ ‘imbalanced’ ‘ and this limits their nutritional
value

1 ) Usual dietary combinations of proteins are complete: specific

food proteins may be low in specific amino acids

2 ) Quality depends on the source and dietary mixture of plant
proteins: can be equivalent to high-quality animal proteins

3 ) Proteins do not need to be consumed at the same time, the

balance over a day is of greater importance
4) Animal bioassay procedures can be useful but they may

underestimate plant protein nutritional quality for humans

5 ) Digestibility can vary according to source and food preparation:

digestibility can be high

6 ) The intakes and balance of intakes of indispensable amino acids

and nitrogen are crucial and can be adequately met from plant
or plant and animal sources

7) There is no evidence that amino acid imbalances per se are

important: possible imbalances can be created by inappropriate

amino acid supplementation, but this is not a practical problem

quirements. Consumption of complementary proteins at different

meals over the course of the day should assure the achievement

of an adequate state of nitrogen (protein) retention and utilization.

Therefore, an undue emphasis on amino acid balance at each

meal is inappropriate in the context of usual diets in healthy pop-

ulations.

Protein digestibility and amino acid as’ailabilirs’

The nutritional value of a dietary protein source may not be

predicted with precision from a determination of its amino acid

content alone; several other factors can affect the utilization of

proteins. An important factor, which is frequently critical in the

feeding of simple-stomached farm livestock, is the digestibility

and availability of the protein and individual amino acids.

In general, the digestibility of vegetable proteins in their nat-

ural form is lower than that of animal proteins. Table 10 sum-

marizes results for the digestibility in human subjects of various

plant sources and of diets based on mixed plant-food sources.

Plant proteins are often consumed only after undergoing some

degree of preparation or processing. Although the effects of proc-

essing on protein quality and availability will not be reviewed

here, this factor deserves attention in an overall assessment of

plant foods for humans. For example, oil-seed flours may be

products of processes designed to economically recover the oil

from the seed. Such processes do not necessarily favor the effi-

cient recovery of high-quality protein. Cereals and legumes in-

tended for human feeding are cooked or processed to enhance

their palatability and acceptance. For example, wheat is used pri-

marily in bread, pasta, and breakfast-cereal-type foods. Thermal

processing methods that use high-temperature, short-time proc-

essing conditions, such as extrusion, microwave heating, puffing,

and spray drying, have been widely adopted. However, as a result

of such treatments, the nutritive value of the protein may be either

enhanced or reduced to an extent that depends on the protein

components in the food and factors such as the temperature, du-

ration of heating, and the presence or absence of moisture. Boil-

ing in water generally improves protein quality, whereas toasting

or dry heating reduces protein quality. Hence, it is difficult to

draw broad generalizations concerning the effects of various

processing and preparation conditions on the proteins and the

individual amino acids of plant foods. More basic work is needed

on the chemical and physical changes that occur in proteins under

these conditions and their nutritional effects to develop. in the

long-term, optimum procedures for the utilization of plant food

proteins.

Many plants contain numerous compounds that may cause un-

favorable physiological and clinical responses when eaten. in-

cluding diminished digestibility. Man has learned to avoid those

foods that produce immediate ill effects or has devised means of

eliminating the undesirable compounds from others. Often proc-

essing, or cooking, results in the destruction, inactivation, or less-

ening of these toxic compounds (antinutritional factors), but they

may not be sufficiently reduced to eliminate the health problem

entirely, particularly if novel plant foods are eaten more fre-

quently and over longer periods of time. Examples of some of

the factors present in various legume-seed protein sources and

their possible metabolic and physiologic significance are: amy-

lase inhibitors, which are found in most legumes and may inter-

fere with starch digestion; cyanogen. which is found in lima

beans and may cause respiratory failure: and tannins, which

arc phenolic compounds found in most legumes and may form

less digestible complexes (45). In products that are com-

mercially available these factors do not pose any nutritional or

clinical problems. Nevertheless, they are important to consider

in the course of developing new and improved sources of plant

protein, for example, as in the case of new varieties and uses of

sorghum (46).

Summary and conclusions

In this brief review we have highlighted the value of plant

proteins in relation to human protein nutrition. We began with a

brief consideration of the contribution made by plant proteins to

the protein component of diets on a worldwide basis and also

within the United States. We then discussed the requirements for

protein and for indispensable amino acids in humans at various

ages, together with a short survey of the amino acid composition

of different plant-food protein sources. There is a large variation

in the contribution made by plant proteins to the availability and

intake of total dietary protein among populations both within the
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technically advanced regions of the world and between these and

developing regions. It can be shown from considerations of the

amino acid composition of the major food protein sources that

plant proteins are a major determinant of the lysine content of

diets worldwide (29, 30). This indispensable amino acid might

well be limiting, or marginal, in diets of some countries where

cereals, for example, wheat, are the predominant source of the

total dietary energy supply. However, modest amounts of higher-

lysine protein foods such as legumes or animal proteins, can have

a major and favorable impact on the protein nutritional quality

of such diets (30). Overall it can be concluded that mixtures of

plant proteins can serve as a complete and well-balanced source

of amino acids that effectively meet human physiological re-

quirements.

We present in Table 11 a list of myths and realities concerning
plant proteins in human nutrition. We have included in this list

a reference to amino acid imbalance (no. 7) that we did not con-

sider in any detail earlier, largely because we do not consider this

issue to be an important problem in practice (47). Considerable

and interesting experimental data have defined the nature and

mechanisms of dietary amino acid imbalances (48) and the un-

toward physiological consequences of an imbalance have been

observed in children during amino acid supplementation trials of

dietary protein (49). However, the suggestion that high leucine

intakes, as supplied by sorghum in regions of India, might be

etiologically significant in the pellagra that exists in these areas

(50) has not been substantiated by considerable additional inves-

tigation (47). Thus, we conclude that consumers do not need to

be at all concerned about amino acid imbalances when the dietary

amino acid supply is from the plant-food proteins that make up

our usual diets. Mixtures of plant proteins can be fully adequate
for meeting human requirements. From the standpoint of the

composition of a healthful diet, they serve as a desirable vehicle

for carrying nitrogen and indispensable amino acids to meet both
our needs and wants (Table 11, reality no. 6). El

References

1. Hobhouse H. Seeds of change. New York: Harper and Row, 1987.
2. Voelker TA, Worrell AC, Anderson L, et al. Fatty acid biosynthesis

redirected to medium chains in transgenic oilseed plants. Science

1991;257:72-4.

3. Jones JL. Genetic engineering of crops: its relevance to the food
industry. Trends Food Sci Technol 1992;3:54-9.

4. Benner MS. Phillips RL, Kirihara JA, Messing JW. Genetic analyses

of methionine-rich storage protein accumulation in maize. Theor

Appl Genet 1989:78:761-7.
5. Food and Nutrition Board, National Research Council. Diet and

health: implications of reducing chronic disease risk. Washington,
DC: National Academy Press, 1989.

6. Food and Agriculture Organization/Agrostat. Computerized infor-

mation series No 1. Food balance sheets. Rome: Food and Agricul-
ture Organization, 1991.

7. Consumer Nutrition Division, Human Nutrition Information Ser-

vice. Food intakes in individuals in 48 states. Year 1977-1978.
Hyattsville, MD: US Department of Agriculture, 1983. (Report

no 1-1.)
8. Young VR, Pellett PL. Protein intake and requirements with refer-

ence to diet and health. Am J Clin Nutr 1987;45:1323-43.
9. Young VR. Protein and amino acid requirements in humans: meta-

bolic basis and current recommendations. Scand J Nutr 1992;36:47-
56.

10. Food and Nutrition Board, National Research Council. Assessment

of protein nutriture. Washington, DC: National Academy Press,

1974.
I 1. Food and Agriculture Organization/World Health Organization!

United Nations University. Energy and protein requirements. Report
of joint FAO/WHO/UNU expert consultation. Geneva: World
Health Organization. 1985. (WHO Tech rep ser no 724.)

12. Food and Agriculture Organization. Amino acid content of foods
and biological data on proteins. Rome: Food and Agriculture Or-

ganization. 1985. (FAO nutritional studies no 24.)

13. US Department of Agriculture. Agricultural handbook no. 8-1
(1976); 8-2 (1977); 8-5 (1979); 8-6 (1980), 8-8 (1982); 8-9 (1982);
8-10 (1983); 8-1 1 (1984); 8-12 (1986) and 8-14 (1986). Washington,
DC: Agriculture Research Service.

14. Pellett PL, Shadarevian S. Food composition tables for use in the

Middle East. 2nd ed. Beirut: American University of Beirut, 1970.
15. Pellett PL, Young yR. Nutritional evaluation of protein foods.

Tokyo: The United National University. 1980 (Publication No
WHTR-3IUNUP-129.)

16. Osborne TB, Mendel LP, Ferry EL. A method of expressing nu-
merically the growth promoting value of proteins. J Biol Chem

1919;37:223-9.
17. Young yR. Protein nutritional value of soy proteins in adult humans.

In: Steinke FH, Waggle DH, Volgarev MN, eds. New protein foods
in human health: nutrition, prevention and therapy. Boca Raton, FL:

CRC Press, 1991;107-19.

18. Young yR. Soy protein in relation to human protein and amino acid
nutrition. J Am Diet Assoc 1991;91:828-35.

19. Food and Agriculture Organization/World Health Organization. Pro-
tein quality evaluation. Report of a joint FAO/WHO expert consul-
tation. Rome: Food and Agriculture Organization, 1991. (FAO food

and nutrition paper No 51.)
20. Block Ri, Mitchell HH. The correlation of the amino-acid compo-

sition of proteins with their nutritive value. Nutr Abstr Rev

1946; 16:249-78.

21. Food and Agriculture Organization. Protein requirements. Rome:
Food and Agriculture Organization, 1957. (FAO Nutrition Studies

No 16.)
22. Food and Agriculture Organization/World Health Organization. En-

ergy and protein requirements. Report of a joint FAOIWHO ad hoc
expert committee. Geneva: World Health Organization, 1973.

(WHO Tech Rep 5cr no 522.)

23. Young yR. Bier DM, Pellett PL. A theoretical basis for increasing

current estimates of the amino acid requirements in adult man, with

experimental support. Am J Clin Nutr 1989;50:80-92.

24. Young VR, Marchini JS. Mechanisms and nutritional significance

of metabolic responses to altered intakes of protein and amino acids,
with reference to nutritional adaptation in humans. Am J Clin Nutr

1990;51:270-89.

25. Marchini JS, Cortiella J, Hiramatsu T, Chapman TE, Young yR.
Requirements for indispensable amino acids in adult humans:
longer-term amino acid kinetic study with support for the adequacy
of the Massachusetts Institute of Technology amino acid require-

ment pattern. Am J Clin Nutr 1993;58:670-83.

26. Zello GA, Pencharz PB, Ball RO. Phenylalanine flux, oxidation,

and conversion to tyrosine in humans studied with L-[ 1-
‘3Cjphenylalanine. Am J Physiol 1990;259:E835-43.

27. Zello GA, Ball RD, Pencharz PB. Dietary lysine requirement deter-

mined by phenylalanine flux and oxidation. Proc Nutr Soc Aust
1991; l6:32(abstr).

28. Young yR. Pellett PL. Protein evaluation, amino acid scoring and
the food and drug administration’s proposed food labeling regula-

tions. J Nutr 1991;121:145-50.
29. Bressani R. Nutritive value of high lysine cereals In: Ejita G, Mertz

ET, Rooney L, Schaffert R, Yohe J, eds. Proceedings of the

International Conference on Sorghum Nutritional Quality. West

Lafayette, IN: Purdue University, 1992:50-74.

 at LO
M

A
 LIN

D
A

 U
N

IV
 LIB

R
A

R
Y

 on A
pril 2, 2012

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org/


12125 YOUNG AND PELLET!’

30. Young yR. Pellett PL. Current concepts concerning indispensable
amino acid needs in adults and their implications for international

planning. Food Nutr Bull 1990;12:289-300.
31. Torun B. Soy proteins as amino acid and protein sources for pre-

school-age children. In: Steinke FH, Waggle DH, Volgarev MN, eds.
New protein foods in human health: nutrition, prevention and ther-

apy. Boca Raton, FL: CRC Press, 1992;91-100.
32. Fomon SJ, Ziegler EE. Isolated soy protein in infant feeding. In:

Steinke FH, Waggle DH, Volgarcv MN, eds. New protein foods in
human health, nutrition, prevention and therapy. Boca Raton, FL:
CRC Press, 1992;75-83.

33. Bressani R, Elias LG, Gomez Brenes RA. Improvement of protein

quality by amino acid and protein supplementation. In: Bigwood El,

ed. Protein and amino acid functions. Vol 11. Oxford, UK:
Pergamon Press, 1972;475-540.

34. Kics CV, Fox HM. Effect of varying ratio of beef and textured veg-

etable protein nitrogen on protein nutrition value for humans. J Food
Sci 1973;38:1211-3.

35. Geiger E. Experiments with delayed supplementation of incomplete

amino acid mixtures. J Nutr 1947;34:97-111.

36. Geiger E. The role of the time factor in feeding supplementary pro-
teins. J Nutr 1948;36:813-9.

37. Yang SP, Steinhauer JE, Masterson JE. Utilization of a delayed ly-

sine supplement by young rats. J Nutr 1963;79:257-61.
38. Yang SP, Tilton KS, Ryland LL. Utilization of a delayed lysine or

tryptophan supplement for protein repletion of rats. J Nutr

1968;94:178-84.

39. Batterham ES. The effect of frequency of feeding on the utilization
of free lysine by growing pigs. Br J Nutr 1974;31:237-42.

40. Batterham ES, O’Neill GH. The effect of frequency of feeding on

the response by growing pigs to supplements of free lysine. Br J
Nutr 1978;39:265-70.

41. Young VR. Nutrient interactions with reference to amino acid and
protein metabolism in non-ruminants: particular emphasis on pro-

tein-energy relations in man. Zeit Ernahrungswiss 1991;30:239-67.
42. Taylor YSM, Young VR, Murray E, Pencharz PB, Scrimshaw NS.

Daily protein and meal patterns affecting young men fed adequate
and restricted energy intakes. Am J Clin Nutr 1973;26: 1216-21.

43. Munro FIN. Free amino acid pools and their role in regulation. In:

Munro HN, ed. Mammalian protein metabolism. Vol 4. New York:
Academic Press, 1970:299-386.

44. Bergstrom J, Furst P, Vinnars E. Effect of a test meal, without and
with protein, on muscle and plasma free amino acids. Clin Sci

1990;79:331-7.

45. Liener IE. Antinutritional factors in legume seeds: state of the art.
In: Huisman J, van der Pod TFB, Liener IE, eds. Recent advances

of research in antinutritional factors in legume seeds. Wageningen,
The Netherlands: Pudoc 1989:6-13.

46. Kirleis AW. The prolamins of sorghum: their role in protein digest-
ibility. In: Ejeta G, Mcii ET, Rooney L, Schaffert R, Yohe J, eds.
Proceedings of the International Conference on Sorghum Nutritional

Quality. West Lafayette, IN: Purdue University, 1990:168-76.
47. Young VR, Fukagawa NK. Amino acid interactions: a selective re-

view. In: Bodwell CE, Erdman JW Jr, eds. Nutrient interactions.

New York: Marcel Dekker, Inc, 1988:27-71.

48. Harper AE, Benevenga NJ, Wolheuter RM. Effects of ingestion of
disproportionate amounts ofamino acids. Physiol Rev 1970;50:428-

558.
49. Scrimshaw NS, Bressani R, Behar M, Viteri F. Supplementation of

cereal protein with amino acids. Effect of amino acid supplemen-
tation of corn-masa at high levels of protein intake on the nitrogen
retention of young children. J Nutr 1958;66:485-99.

50. Gopalan C, Srikantia SG. Lcucine and pellagra. Lancet 1960;1:9S4-
7.

 at LO
M

A
 LIN

D
A

 U
N

IV
 LIB

R
A

R
Y

 on A
pril 2, 2012

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org/



