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RAMIREZ, I. Why do sugars taste good? NEUROSCI BIOBEHAV REV 14(2) 125-134, 1990.--The preference humans and animals 
show for sweet solutions has been the subject of hundreds of publications. Nevertheless, the evolutionary origin of sweet preference 
remains enigmatic because of the relatively low nutritional value of sugars and the absence of specific tastes for other, more essential, 
nutrients. Moderate concentrations of sugars are found in most plant foods because sugars play an important role in plant physiology. 
Widespread occurrence of sugars in plants is paralleled by widespread preference for sugar solutions in mammals. These observations 
suggest that preference for sugars evolved because they are common in plants and easy to detect rather than because of any special 
nutritional merits they offer. Perception of sweetness cannot be used to accurately meter the metabolizable energy or nutritive value 
of a food. 

Evolution Comparative Carbohydrates Sucrose Fructose Glucose Preference 

OF all the major energy sources (fats, proteins, starches, and 

sugars), sugar is the only one which has its own taste receptor 

system in humans. Starch is an equally important source of 

carbohydrate calories, yet starch is tasteless to humans. Similarly, 

there is no specific taste and no generalized preference for many 

essential minerals and vitamins. Many other species also act as if 

sugar solutions tasted good to them, although they may be able to 

taste other kinds of macronutrients as well (82). 

A Darwinian outlook would lead one to expect that innate 

preferences should enhance the reproductive success, well-being 

or survival of organisms. Yet sugars are the least essential of all 

nutrients. Sugars contain less than or no more energy per gram 

than starch, protein, and fat (67). Indeed, osmotic factors make 

sugars retain water, causing sweet foods to have even fewer 

calories per gram. Elevated osmotic pressure in the gastro- 

intestinal tract after meals containing sugars (47), can be stressful 

(38). In the laboratory, ingestion of high-sugar diets has many 

adverse health effects in animals (impaired glucose tolerance, 

increased cholesterol, hypertriglyceridemia, hypertension, etc.) 

(33). Excessive appetite for sweets can result in protein malnutri- 

tion (71) since the sweetest foods in nature (fruits, phloem, nectar, 

honey) are low in protein. There are no known advantages of 

sugars to offset these disadvantages. 

This paper proposes that preference for sweet taste evolved in 

many animals because sugars are present in most plants and easy 

to detect, rather than because of any nutritional advantage they 

possess. 

PREVIOUS VIEWS 

The most commonly articulated explanation for sweet prefer- 

ence involves energy, e.g.,  "The  sensitivity to sweet is biologi- 

cally adaptive; it aids in recognition and selection of carbohydrates 

that are necessary as a source of energy."  (94). This view seems 

to be widely held despite the paucity of evidence supporting it [see 

the Discussion section at the end of (13,83)]. 

A further refinement to this line of reasoning is the idea that 

taste preferences reflect the nature of the foods eaten by each 

species. Thus, "Each  species has a sense of taste which was 

apparently evolved complementary to its survival. Unlike other 

physiological systems, which tend to have a universal functional 

character, diverse taste characteristics are encountered in closely 

related species or individuals" (58). Reasoning along these lines, 

Rozin has speculated that humans owe their "sweet  tooth" to 

fruit-eating ancestors (80). 

WAYS TO STUDY THE PROBLEM 

It is proposed that there are four methods that may be used to 

understand the origin of sugar preference: 1) comparative, relating 

sugar preference in different species to their phylogeny or niche; 2) 

environmental, examining where and when sugars occur in the 

environment; 3) functional, examining how sweet taste performs 

and 4) genetic, characterizing differences among individuals in 

response to sugars. So little attention has been given to the 

genetics of sweet taste that it cannot be profitably discussed at 

present (75, 76, 87). Data pertaining to the first three sources of 

evidence will be examined below. 

Technical Considerations 

Many techniques for assessing behavioral response to sugars 

have been developed but they may be divided into four basic types; 

solution preference, solution acceptance, operant conditioning and 
introspection. Preference tests, in which animals are offered a 

choice of plain water and a sweet solution, is the most common 

technique. Acceptance tests measure intake when no choice is 

offered. Operant techniques examine how hard an animal will 

work for a chance to consume a solution. In introspective studies, 

human beings are usually tested by asking them to report how 

sweet or pleasant a solution tastes. 

There is no way of knowing whether the subjective experience 

of sweetness is the same in animals and humans, therefore sweet 

taste is operationally defined as the taste of sugars. It is important 
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TABLE 1 

COMPARATIVE STUDIES OF SUGAR PREFERENCE AND ACCEPTABILITY 

Species Sugar Threshold Acceptance Reference 

Armadillo Sucrose 

(Dasypus novemcinctus) 

Black-tailed deer Sucrose 0.24% 

( Odocoilus hemionus) Glucose 0.53% 

Bonnet macaque Sucrose 1.7% 

(Macaca radiata) 

Cat Sucrose 8.5% 

(Felis catus) 

Glucose 

Fructose 

Cattle Sucrose 0.85% 

Glucose 1.11% 

Cotton rat Sucrose 1.7% 

(Sigmodon hispid,~s) Glucose 0.9% 

Fructose 0.9% 

Deer mice Sucrose 1.7% 

(Peromyscus maniculatus) Glucose 0.09%* 

Fructose 0.09%* 

Dog Sucrose 0.036% 

Glucose 0.018% 

Fructose 0.018% 

Egyptian spiny mice Sucrose 0.17%* 

(Acomys cahirinus) Glucose 0.9% 

Fructose 0.9% 

Florida mice Glucose 5%* 

(Peromyscus floridanus) 
Goats 

Greater galago 

(Galago crassicaudatus) 

Guinea pig Glucose 3.6% 

(Cavia porcellus) 

Hamster Sucrose 0.034% 

Hedgehog Sucrose 10% 

(Erinaceus europaeus) 

Horse Sucrose 2.5% 

House musk shrew Sucrose 6.8% 

(Suncus murinus) 

Jaguar Sucrose 

(Panthera onca) 

Kangaroo rats Glucose 5%* 

(Dipodomys spectabilis) 

Laboratory mouse Sucrose 0.034-3.4% 

Glucose 2.7% 

Sucrose 3.4%* 

Sucrose 0.035% 

Glucose 0.2% 

Fructose 7.2% 

Sucrose 

Laboratory rabbit 

Laboratory rat 

Leopard 

(Panthera pardus) 
Lion 

(Panthera leo) 
Meadow vole 

(Microtus penn©,lvanicus) 

Mongolian gerbil 

0 (69) 

+ (21) 

+ (21) 

+ (88) 

+ (31 

0 (5,17) 

0 (5) 

0 (5) 

+ (19,35) 

+ (8) 

+ (72) 

+ (72) 

+ (72) 

+ (44) 

+ (44,90) 

+ (44) 

+ (27,36) 

+ (27) 

+ (27) 

+ (40) 

+ (40) 

+ (40) 

+ (90) 

Sucrose 1.13% + (35) 

Glucose 0.16% + (7) 

Sucrose 5%* + (28) 

Sucrose 

Sucrose 3.4%* 

+ (4) 

+ (17,26) 

+ (30) 

+ (77) 

+ (49) 

0 (5) 

+ (90) 

(37, 75, 87) 

(87) 

(17,31) 

(14, 16, 26, 78) 

(79) 

(14) 

(5) 

(5) 

(65) 

Sucrose 0.034%* + (26, 39, 65) 

Glucose 3.6% + (39) 

Fructose 0.09% + (39) 
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T A B L E  1 

CONTINUED 

Species Sugar Threshold Acceptance Reference 

Northern grasshopper mice Sucrose 1.7% + (41) 

( Onychornys leucogaster) Glucose 1.8% + (41 ) 

Fructose 1.8% + (41) 

Ord's kangaroo rats Sucrose 0.17% + (43) 

(Dipodomys ordii) Glucose 18% + (43) 

Fructose 0.09%* + (43) 

Pig Sucrose 0.34% + (59,61 ) 

Glucose 0.5%* + (59,61) 

Porcupine Sucrose 1.4% + (12) 

(Erethizon dorsatum) Glucose 0 (12) 

Fructose 0 (12) 

Rhesus monkeys Sucrose 0.25%* + (60,68) 

Glucose 3.6%* + (60) 

Fructose 3.6%* + (60) 

Sheep Sucrose 3.8% + (19, 21, 35) 

0 (34) 

Glucose 2.5% + (21 ) 

0 (34) 

Fructose 0 (34) 

Slow loris Sucrose 5%* + (28) 

(Nycticebus ocucang) 
Southern plains wood rat Sucrose 1.7% + (42) 

(Neotoma micropus) Glucose 0.9% + (42) 

Fructose 1.8% + (42) 

Sucrose 3.4% + (26) 

Sucrose 1.7% + (20,88) 

Glucose 1.25%* + (20,23) 

Fructose 1.8% + (20) 

Tiger Sucrose 0 (5) 

(Panthera tigris) 

Virginia opossum Sucrose 1.8% + (74) 

(Didelphus virginiana) 
Wild guinea pig Glucose 0.45% + (52) 

(Cavia aperea) 

Spiny mouse 

Squirrel monkeys 

(Saimiri sciureus) 

Scientific names for species are given only if provided by the references. In most cases, threshold was the 

lowest concentration at which the sugar solution was significantly preferred over water, or the most dilute 
solution animals were willing to work to consume. If insufficient data for statistical tests were provided, the 
criterion used was 70% preference. An asterisk indicates that this was the lowest concentration used. As 
discussed in the text, most values are likely to be overestimates. Thresholds in these experiments should not be 

equated with detection thresholds which may be lower. 
+ indicates that this species preferred some solutions containing this sugar over water, or was willing to work 

for solutions containing this sugar. 
0 indicates that this species consumed the same amount of fluid regardless of the sugar concentration. Some 

species consumed less of concentrated sugars than of water, but this was interpreted as an appropriate response 

to the satiating effects of the sugar's calories rather than true aversion. 

to dis t inguish between the ability to detect sugars  and the motiva-  

tional effects  o f  sweet  taste. It is easier  to unders tand why many  

animals  possess  the ability to detect sugars  than it is to unders tand 

why  some  animals  will work for mere sensory  st imulat ion.  Since 

the present  d iscuss ion  pertains to natural history,  only sugars  that 

are plentiful in nature will be considered.  The  d iscuss ion  will 

focus  on terrestrial m a m m a l s .  

Concentra t ion o f  sugars  is usual ly  g iven in molar  units; this is 

useful  for b iochemical  purposes  but comple te ly  obscures  nutri- 

tional aspects  o f  sugars .  Caloric values for a mole o f  a sugar  vary 

enormous ly  depending  upon the molecular  weight  o f  the sugar.  

Energy  content  per g ram of  sugar  is nearly independent  o f  the 

chemical  structure for most  c o m m o n  sugars  (67). 

The  concept  o f  nutritional value refers to the ability o f  a food 

to provide the nutrients  needed by a m a m m a l .  The present  

d iscuss ion  emphas izes  food energy,  protein, and toxins [see (15, 

50, 56)]. 

Comparative Aspects of  Sweet Taste 

Preference for sugar  solut ions is only somewha t  related to 

ecological  niche.  Table 1 summar izes  the results o f  studies o f  

sugar  preference and acceptabili ty tests in different species o f  

terrestrial m a m m a l s .  Mos t  species ,  except  felids and insectivores,  
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TABLE 2 

SUGAR CONTENT OF RAW FOODS 

Apples 0.59 13.3% 0.2% 0.4% 82% 

Apricot 0.48 8.5% 1.4% 0.4% 64% 

Apricot 0.48 8.5% 1.4% 0.4% 64% 

Avocado California 1.77 0.9% 2. 1% 17.3% 2% 

Avocado Florida I. 12 0.9% 1.6% 8.9% 3% 

Banana 0.92 15.6% 1.0% 0.5% 61% 

Blackberries 0.51 5.5% 0.7% 0.4% 39% 

Blueberries 0.57 7.3% 0.7% 0.4% 47% 

Boysenberries 0.43 6.2% 0.9% 0.2% 52% 

Cherries sour 0.46 8. 1% 0.9% 0.4% 63% 

Cucumber 0.13 2.3% 0.5% 0.1% 64% 

Gooseberries 0.45 8.4% 0.9% 0.6% 68% 

Grape American 0.63 16.4% 0.6% 0.3% 94% 

Grape European 0.71 16.4% 0.7% 0.6% 83% 

Grapefruit pink 0.30 6.2% 0.5% 0.1% 75% 

Grapefruit white 0.33 6.2% 0.7% 0.1% 67% 

Kiwi fruit 0.61 10.5% 1.0% 0.4% 62% 

Lemon 0.29 2.5% 1.1% 0.3% 31% 

Mellon Cantaloupe 0.36 8.1% 0.9% 0.3% 82% 

Melon Casaba 0.26 6.3% 1.0% 0.1% 85% 

Melon Honeydew 0.35 8.7% 0.5% 0.1% 89% 

Nectarines 0.49 8.5% 0.9% 0.5% 62% 

Orange 0.47 8.9% 0.9% 0. 1% 68% 

Peach 0.43 8.7% 0.7% 0.1% 74% 

Pear Bartlett 0.59 10.5% 0.4% 0.4% 64% 

Pear Bosc 0.59 10.5% 0.4% 0.4% 64% 

Pear D'Anjou 0.59 10.5% 0.4% 0.4% 64% 

Pineapple 0.50 11.9% 0.4% 0.4% 86% 

Plum Japanese 0.55 7.0% 0.8% 0.6% 46% 

Plum Prune type 0.71 7.5% 0.0% 0.0% 38% 

Raspberries 0.50 5.4% 0.9% 0.6% 39% 

Strawberry 0.30 5.8% 0.6% 0.4% 69% 

Peppers sweet 0.24 2.5% 0.9% 0.4% 37% 

Pumpkin 0.26 4.4% 1.0% 0.1% 61% 

Tomato red 0.20 2.8% 0.9% 0.2% 51% 

Squash zucchini 0.15 2.1% 1.2% 0.1% 52% 

Means 0.51 7.6% 0.8% 1.0% 60% 

SE 0.05 0.7% 0.1% 0.5% 4% 

Vegetables 

Alfalfa seeds sprouted 0.30 0.4% 4.0% 0.7% 5% 

Beans mung sprouted 0.31 3.0% 3.0% 0.2% 35% 

Broccoli 0.30 0.9% 3.0% 0.2% 1 I% 

Cabbage celery 0.16 1.4% 1.2% 0.2% 32% 

Cabbage common 0.23 3.6% 1.2% 0.2% 57% 

Cabbage red 0.27 5.4% 1.4% 0.3% 72% 

Cabbage savoy 0.27 2.9% 2.0% 0.1% 38% 

Carrot 0.43 6.6% 1.0% 0.2% 55% 

Cauliflower 0.24 2.4% 2.0% 0.2% 36% 

Celery 0.15 1.0% 0.7% 0.1% 24% 

Chard swiss 0.17 1.5% 1.8% 0.2% 32% 

Chicory greens 0.23 2.4% 1.7% 0.3% 36% 

Chicory roots 0.73 2.4% 1.4% 0.2% 12% 

Endive 0.16 1.1% 1.2% 0.2% 25% 

Jerusalem artichokes 0.76 2.5% 2.0% 0.0% 12% 

% Sugar 

Fruits kcal/g Sugar Protein Fat Calories 
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TABLE 2 

CONTINUED 

% Sugar 

Fruits kcal/g Sugar Protein Fat Calories 

Kohlrabi 0.27 3.9% I. 7% 0.1% 52% 

Leeks 0.61 3.4% 1.5% 0.3% 20% 

Lettuce butterhead 0.13 1.8% 1.3% 0.2% 50% 

Lettuce iceberg 0.13 1.8% 1.0% 0.2% 50% 

Lettuce looseleaf 0.18 1.8% 1.3% 0.3% 36% 

Lettuce romaine 0.14 2.0% 1.6% 0.2% 50% 

Mushrooms 0.30 1.5% 2.1% 0.4% 18% 

Onions 0.34 6.2% 1.2% 0.3% 65% 

Onions young green 0.25 3.2% 1.7% 0.1% 46% 

Parsley 0.30 1.1% 2.2% 0.3% 13% 

Peas podded 0.42 4.6% 2.8% 0.2% 39% 

Radish 0.16 2.6% 0.6% 0.5% 60% 

Spinach 0.22 0.4% 2.9% 0.4% 7% 

Means 0.29 2.6% 1.8% 0.2% 35% 

SE 0.03 0.3% 0.2% 0.03% 4% 

Nuts and Seeds 

Almonds 5.89 5.4% 19.9% 52.2% 3% 

Beechnuts 5.77 4.3% 6.2% 50.0% 3% 

Brazil 6.56 2.6% 14.4% 66.2% 2% 

Butternuts 6.13 7.0% 24.9% 57.0% 4% 

Chinese chestnuts 2.25 11.0% 4.2% 1.1% 19% 

Filbert 6.32 4.3% 13.0% 62.6% 3% 

Macadamia 7.01 6.2% 8.3 % 73.7% 3 % 

Peanuts spanish 5.66 4.3% 25.7% 49.2% 3% 

Pecans 6.68 4.3% 7.8% 67.7% 2% 

Pistachio 5.77 6.6% 20.5% 48.4% 4% 

Pumpkin 5.41 1.0% 24.6% 45.9% 1% 

Sesame 5.73 1.2% 17.7% 49.7% 1% 

Sunflower 5.70 3.3% 22.8% 49.6% 2% 

Walnut 6.07 2.1% 24.3% 56.6% 1% 

Means 5.78 4.5% 16.7% 52.1% 4% 

SE 0.31 0.7% 2.1% 4.7% 1% 

This summary was extracted from USDA data compiled in the Nutritionist program (73). Only foods 
described as raw were used. The purpose of this table is to give the reader a concrete view of the abundance of 
sugars in edible plant material. 

respond favorably to sugar solutions. Lack of strong sugar 

preference in felids is understandable in light of their carnivorous 

habits, although this has been disputed (3). Lack of strong sugar 

preference in insectivores (hedgehog, armadillo, shrew) is also 

easy to understand. Other findings in Table 1 are not so readily 

intelligible. Dogs prefer sugars despite being mainly carnivorous 

TABLE 3 

HUMAN SUGAR RECOGNITION THRESHOLDS 

Threshold Heat of Energy at 

Sugar Concentration Combustion Threshold 

Sucrose 0.54% 3.94 kcal/g 21 kcal/l 

Glucose 1.25% 3.72 kcal/g 46 kcal/I 

Fructose 0.47% 3.73 kcal/g 18 kcal/l 

Thresholds are taken from (24), heats of combustion from (67). 

(27). Most ruminants tested prefer sugar solutions, but preference 

for sugar solutions by sheep is weak and can be eliminated by 

feeding certain diets (19). 

Threshold values for sugar acceptance are provided in order to 

show that most species seem to be able to detect 3.6% or less 

sugar. The values given probably underestimate true sensitivity 

because almost none of the tests were designed to accurately 

determine preference thresholds. In some cases, threshold values 

are the lowest concentration employed (see Table 1); and in most 

cases, insensitive techniques or small numbers of subjects proba- 

bly have inflated thresholds. 

Objective criteria seem to suggest that human beings show 

relatively weak responses to sugars. Human beings do not recog- 

nize sucrose solutions as sweet unless the concentration is at least 

0.2-0.5%; the recognition threshold for glucose may be as high as 

1.25% (24). In contrast, several species (e.g., dog, hamster, 

mongolian gerbil, pig, etc.) reliably prefer solutions that are 

insipid to humans. Furthermore, North American adults com- 

monly rank sucrose solutions as being nearly neutral in hedonic 



130 RAM IREZ 

tests, although variability among individuals is substantial (9, 26, 
62~. As an example, Kissileff asked over 200 people to rate 
pleasantness of various edibles on a nine point scale (62). Ratings 

for distilled water. 6.1% sucrose, and apple juice were 5.0 ± 1.23, 
5.1 --- 1.23, and 7.3 --- 1.47 (means - SD). Some evidence for sugar 

preference may, however, be found in children (6) and Chinese 
adults (9). Even in these cases, lowest effective concentrations are 
higher than for many animals, Instead of concluding that humans 

do not " l ike"  sugar solutions, it may be appropriate to assume that 
hedonic tests with pure sugar solutions are not appropriate for 
humans. 

It may be concluded that preference for sugars is common but 
not universal in terrestrial mammals. Evidence that some species 
show weak preferences for pure sugars (e.g., humans) may reflect 

inappropriate methods for testing preference rather than true 
indifference. Most species of mammals can apparently detect 
sugar levels of a few percent but this ability bears no obvious 

relationship to the species" ecological niche. This pattern suggests 
that the ability to detect and the propensity to consume sugars is 

adaptive for mammals having a wide variety of feeding habits. 

Sugars in the Environment 

Information on the natural abundance of sugars is generally not 

provided in most discussions of sweet taste. This section attempts 
to summarize current knowledge about where sugars are found and 

how sugar levels in foods might correlate with nutritional value to 
mammals. Several specific issues to be discussed include: basic 
physiological considerations, actual sugar levels in foods, the 

nutritional value of fruits, and the relationships between sugar 
level and other nutrients. 

Plant physiology. Sugars are normally found at low to moder- 

ate levels in plants because they are the form in which energy is 
produced and transported from one part of a plant to another. 
Sucrose is the most widely used transport sugar, although some 

plants employ raffinose, stachyose, verbascose, or other sugars ( 1, 
22, 321. The abundance of glucose and fructose is probably 
attributable to their being the components of sucrose. These sugars 

are indispensable constituents of living plants. Some other carbo- 
hydrates widely employed in behavioral studies (e.g.. maltose, 
soluble glucose polymers, lactosel seem to be rare or absent in 

fresh plant material. However, it has been suggested that maltose 
and some other soluble carbohydrates may be present in decaying 

vegetation (891; this possibility is intriguing in light of the ability 
of some animals to taste very small amounts of such com- 
pounds (82). 

In addition to their basic function as intermediaries of energy 

metabolism, sugars also perform other functions in plants by virtue 
of their ability to alter the osmotic and ionic milieu in plant cells 
157). For example, sugars contribute to the ability of living cells in 
seeds to survive desiccation (631. Thus, sugar levels in plants 

would be expected to vary according to the needs of plants rather 
than simply reflect total energy level. 

The reason sweet foods usually do not have high energy density 
is because of the substantial osmotic pressure exerted by sugars in 
solution. It follows that plants will accumulate substantial anaounts 

of carbohydrates by either retaining large amounts of water, by 
expending enough energy to overcome osmotic pressure (45,93), 
or by transforming the sugars into insoluble substances such as 
starch and fats. 

Sugar content of foods. In order to illustrate how abundant 
sugars are in plants, Table 2 gives sugar content and energy 
density tbr some fruits and vegetables commonly eaten by humans 

(U.S.A.) in the raw state (73). It may be seen that one third of the 
metabolizable energy in these vegetables comes from sugar. Most 
fruits contain more sugar than do vegetables, although most 
species contain less than 10ek sugar. For both of these classes of 

foods, the amount of metabolizable energy per gram is very low 

(nearly always below 1 kcal/g). The third section of Table 2 shows 
that nuts and seeds contain 10-20 times as much energy as fruits 

and vegetables but only modest amounts of sugar. Comparable 
values for many root vegetables and grain are not available 

because these are usually processed (dried, cooked, etc.) before 
humans eat them. However, edible roots and grain typically 

contain more calories per gram than the fruits and vegetables listed 
in Table 2 but much less sugar per calorie (46, 63, 84, 86). 

Additional data on the abundance of sugars in foods was 
obtained from the listing of '44 fresh vegetables and legumes 

(excluding fruits) compiled by Shallenberger (84) and 23 raw 
vegetables compiled by Southgate et al. (86). Average sugar 

concentration (sucrose + glucose + fructose) in these vegetables 
is 2.6+_0.2% and 2.6 +_0.3% respectively (mean -+- SE), remark- 
ably close to the value for vegetables in Table 2. 

It could be argued that human foods might not be representative 
of foods used by animals. Published values of the sugar content of 

plants that are not used as human food (18, 25, 29, 55-57 .91 ,92)  
give a range of values similar to that of Table 2, although wild 
fruits often have higher sugar contents (55, 91,92~. Such data are 

not easy to summarize here because the different articles report the 
values in different ways (e.g., percent dry weight, percent wet 

weight, percent of food energy, etc.). The most serious bias in 
Table 2 seems to be the under-representation of high-fat fruits and 
high-starch foods. 

Nutritional value offi'uits. Clearly, the highest levels of sugars 
are found in fruits. One could hypothesize that sweet taste evolved 
to increase fruit ingestion since they provide energy, vitamins and 
water. There are two obstacles facing any suggestion that sweet 

taste evolved to stimulate fruit intake: the existence of high-fat 
fruits and the low protein and energy content of fruits. 

Table 2 overstates the correlation between sweetness and 
energy in fruits because high-fat fruits are under-represented. 
Fruits that are high in fat are moderately common in nature and 

tend to be high in energy (15, 50, 55,921. Available data [Table 

2 and (50,55)] suggest that fat and sugar or carbohydrate content 
are probably inversely related. Some animals [e.g., gorillas (15)] 

appear to favor high-fat fruits, presumably because of their greater 
nutritional value. 

Table 2 shows that fruits are low in protein. This imbalance 
might be enhanced by the presence of substances that interfere 

with protein metabolism (50). The existence of such antimetabo- 
lites has been demonstrated for birds (50); whether they affect 

mammals is not known. Furthermore, the energy present in fruits 
may not be fully available; carbohydrate malabsorption is common 
in humans ingesting apple, grape or pear juice (48). Although the 
fruits in Table 2 have a higher energy content than most vegeta- 

bles, they are very low in energy compared to seeds (grain 
and nuts). 

Izhaki and Safriel (50) have argued that seed dispersal may be 

maximized if birds eat some fruit and then leave. If fruits provide 
too good a source of nutrients, birds would remain near the fruiting 
plant and hence reduce seed dispersal. If this theory applies to 

mammals, the development of a strong appetite for sweet foods 
would be limited by natural selection. Nevertheless, fruits are 
sufficiently common in nature that they probably played some rote 
in the evolution of sweet taste. 

Sugar content and other nutrients. The hypothesis that sugar 
levels might be correlated with some necessary nutrient, would be 

appealing if any evidence could be adduced for it. Unfortunately. 
the only available evidence seems to support the idea that sugar 
content is negatively correlated with nutritional value. It has 
already been noted that the foods highest in sugar, fruits, are also 

low in protein. In some species of plants (56) annual fluctuations 
in sugar level are negatively correlated with protein content, 
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Conversely, levels of toxic compounds (phenols and tannins) are 

sometimes positively correlated with sugar level (25,56). Whether 

these correlations are unusual or representative of general relation- 

ships cannot be determined at present. Therefore there is no reason 

to assume that sugar levels are correlated with other valuable 
nutrients. 

Conclusions. Low to moderate concentrations of simple sugars 

(generally 0.4--10%) are found in most plant foods. Nevertheless, 

foods having the greatest amount of energy do not generally have 

the greatest amount of sugar. High-sugar foods do not possess any 

special properties that make them more nutritious than other foods. 

Thus, the presence of sugar in a substance implies that it may be 

edible, but the amount of sugar in food provides very limited 

intbrmation about its nutritional value. 

Functional Analysis 

By examining how organisms respond to different sugars under 

different conditions, one can learn something about what sweet 

taste was "des igned"  to do. The present discussion is limited to 

three issues: the relationship between sweetness and calories, 

lactose in milk, and the possibility of a starch taste. 

Sweet and calories. In nature, the presence of sweet taste 

implies the presence of calories. However, degree of sweetness 

provides little information about the amount of energy in a food. 

In order for sweet taste to function as an energy metering 

system, it is necessary for the sweet sensation to be proportional to 

the energy in the substances ingested. Thus, the sweetness of 

different sugars should be a function of the energy they provide. 

This is not the case. Table 3 gives the energy content and 

sweetness recognition thresholds of the three most abundant. 

readily digestible sugars. These three sugars have nearly identical 

energy content per gram but differ greatly in the concentration 

necessary for them to be perceived as sweet by humans. Thus, at 

threshold, a solution contains more than twice as many calories if 

the sweetener is glucose than if the sweetener is sucrose (Table 3). 

Similar results are obtained if one calculates the energy content of 

other supra-threshold solutions judged equal in sweetness. Table 3 

overstates the correlation between sweetness and energy because it 

does not include naturally abundant but poorly utilized sugars such 

as the raffinose family of sugars (221. These sugars taste sweet to 

humans (70). It is not easy to calculate energy values for these 

sugars, however, because they tend to be fermented in the colon or 
caecum (in humans and rats) (22). 

Another factor that disrupts any correlation between sweetness 

and energy is that nonsweet tastes suppress sweet taste (64,66). 

The bitter, sour, and salty tasting substances found in foods tend 

to reduce perceived sweetness. 

It is more difficult to address this issue in animals. Neverthe- 

less, solution preference and acceptance tests in animals suggest 

that there is no consistent relationship between the acceptability 

and energy content of glucose, fructose and sucrose [e.g., ( 14,79)J. 

It may be concluded that sweet taste does not provide quanti- 

tative nutritional information about food energy content. 

Milk. It might be suggested that preference for sugars arises out 

of each animal 's  experience with the sweet taste of lactose in milk. 

If this were a simple conditioning process, one would expect that 

animals would prefer sweetness levels that approximate those of 

milk rather than weaker or greater sweetness levels. This does not 

seem to occur. After weaning rats gradually learn to avoid lactose 

and prefer sucrose, glucose and fructose (51,811. Some human 

ethnic groups avoid milk consumption after weaning (85) but still 

respond favorably to plant sugars [e.g., (9)]. If evolutionary 

processes shaped sugar receptors for detecting lactose, it seems 

odd that lactose is much less sweet to humans than the common 

plant sugars (70). This hypothesis also faces the problem of 

explaining why preverence for sugars persists well into adulthood. 

At present, there are no strong reasons to suppose that lactose in 

milk has been a major factor in the development of sweet 

preferences [see (81) for further discussion of lactose]. 

Starch taste. It has recently been proposed that some animals 

can taste starch (82). The ability to sense the amount of both starch 

and sugar in a food could improve the ability of animals to assess 

the energy content of foods, but it does not seem likely that the 

amount of starch in a food can be measured merely by tasting it. 

Understanding why. requires a brief consideration of molecular 
mechanisms of sweet taste. 

Current theories about the mechanisms underlying sweet taste 

involve interactions between sweet molecules and one or more 

receptor sites on a taste cell (10). The overall shape of the 

molecule as well as the positions of hydrogen-bonding sites seem 

to influence sweetness (10). In order for this type of mechanism to 

work, it is necessary for sweet substances to be water soluble as 

well as to have functional groups capable of fornling hydrogen 

bonds. Sugars are well suited for stimulating taste receptors 

because of their high solubility and many functional groups 

capable of forming hydrogen bonds. Furthernlore. sugars are 

present at higher concentrations than other water soluble nutrients. 
such as vitamins and minerals in many plants. 

On the other hand, insoluble substances such as starch and 

triglycerides cannot be sensed by similar mechanisms. Starches in 

uncooked plants are generally present in the form of tightly packed 

crystals (461. Although starch is not as hydrophobic as triglycer- 

ide, it is difficult to imagine how starch crystals could be brought 

close enough to receptors for hydrogen bonding to occur. 

It might be suggested that some hydrolysis of starch occurs in 

the mouth, providing the animal with soluble polysaccharides that 

it could taste. Since the rate of starch hydrolysis varies with the 

physical form of the starch in a food (54j. the amount of soluble 

polysaccharide released in the mouth would be highly dependent 

on the type of starch crystal in the plant species consumed and how 

thoroughly the food is chewed. This would make the amount of 

starch hydrolyzed in the mouth, a poor index of the amount of tbod 

energy available after thorough digestion. It is therefore unclear 

whether a starch or polysaccharide taste could function as a good 

energy metering system. 

CONCLUSIONS AND OUTLOOK 

Animals representing a very wide variety of ecological niches 

show preferences for sugar solutions. Most plants contain enough 

sugar to be detectable by many terrestrial mammals. Indeed. 

sugars are the most abundant class of solutes in plants. The water 

solubility of sugars combined with their ability to form hydrogen 

bonds and their abundance makes them easier to detect by taste 

receptors than other nutrients. The widespread occurrence of 

sugars in plants probably accounts for the preference for sweet- 

ened over plain water by many terrestrial mammals. The ability to 

detect and respond to sugars is potentially useful to any animal that 

consumes plants. 

Fruits are probably the most abundant class of high-sugar food. 

However. it does not seem likely that sweet taste evolved solely to 

stimulate fruit ingestion because fruits are low in energy and 

protein, and because high-fat low-sugar fruits are fairly common 

in nature. A strong drive to consume sugar-rich fruits might not be 

beneficial unless countered by drives to consume high-protein 

energy rich foods. 

The sweetness of foods is not strongly related to the nutritional 

value of foods. This is because: perceived sweetness is influenced 

by other taste stimuli present in foods, sweetness is not correlated 

with the energy value of different sugars, and other substances in 

foods contribute to nutritional values but not sweetness. Thus, 
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perception of sweetness cannot be used to accurately assess the 

metabolizable energy of a food. 

These findings suggest that sweet taste evolved because sugars 

are common and easier to detect than other nutrients, rather than 

because of any special nutritional significance sugars have. This 

line of reasoning may be applied to other tastes. Soft drink 

manufacturers commonly add sour and bitter flavors to sugar 

solutions. No satisfactory rationale for this practice has ever been 

offered. It may be that this practice makes soft drinks resemble 

natural plant foods. 

If it is accepted that the primary function of sweet preference 

lies in its cue value for edibility, it may be necessary to revise 

current views that emphasize the strong pleasantness of sweet taste 

[e.g., (11)]. The idea that sugars have unique or special effects on 

behavior is difficult to reconcile with the very modest role 

proposed here. A considerable amount of research has been 

conducted based on the assumption of special effects of sugars [see 

(82)], yet critical reviews of the validity of this assumption have 

not been published. 

Limitations.  Several unresolved problems limit the confidence 

we can place on the answers proposed. In order to simplify the 

discussion, it was assumed that sweet preference is innate (i.e., 

genetic). If sweet preference is acquired as a result of experience, 

there is no need to invoke evolutionary processes. At present, 

evidence for genetic influence is strong for some rodents but not 

other species (75, 76, 87). 

The argument presented here deals with herbivorous and 

omnivorous animals generally. Generalizations of this sort may 

not necessarily apply to every single species. It is possible that 

under some unusual circumstances (e.g., an animal specialized for 

honey), sweetness does correlate with nutritional value. 

Another complicating factor is the observation that some 

animals may be able to discriminate different sweeteners [e.g., 

maltose and sucrose (82)]. This ability is probably mediated by 

different carbohydrate receptors (53,82). There is even some 

evidence that sweetness might not be unitary in humans (2). 

Sclafani (82,88) has speculated that having different kinds of 

carbohydrate receptors may allow animals to select high-starch or 

high-sugar foods when appropriate. If some species can detect 

starch in the mouth, as suggested by Sclafani (26, 82, 88), it 

becomes imperative to ask why humans lack this useful ability. 

It should be recognized that the logic employed in the present 

paper applies only to situations in which the availability and 

abundance of sugar resembles that found in nature. What happens 

when organisms are presented with abundant sources of concen- 

trated sugars cannot be predicted from what happens in nature. 

Nevertheless, an understanding of the evolutionary origins of 

sweet appetite is a first step towards understanding sugar intake by 

people in modem society. 
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