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TASTE DISCRIMINATION IN LEMURS AND OTHER PRIMATES, AND THE RELATIONSHIPS TO DISTRIBUTION OF PLANT ALLELOCHEMICALS IN DIFFERENT HABITATS OF MADAGASCAR

This chapter deals with the adaptation of taste responses of lemurs and other primates to different environments, in relation to primary and secondary compounds in potential foodstuffs.

Emphasis is placed on the relationship between taste sensibility to sugars and energy expenditure across species. In the most specialized species, the adaptive trends are inferred according to the importance of the deviation from such allometric relationship. The signification of sugar mimics

present in some fruits is discussed in terms of coevolution of plants and tasting ability of primates, that, for lemurs, parallels that of platyrrhine monkeys.

Taste responses towards other tastants such as sodium chloride are examined in relation to potential risks of deficiency and/or toxicity. Sensitivity to tannins has been investigated in different species, with a two-bottle preference test. We observed large variations that are likely to be adaptive to the concentrations in plant species in various environments. For instance, the rejection threshold for a mixture of tannin and fructose is much higher in Propithecus verreauxi (above 170 g/l) than in Microcebus murinus (0.54 g/l). Recognition thresholds can also vary slightly between human populations, in relation to ancient or recent food practices. There is also a wide range of taste sensitivity towards quinine, without any correlation, in this case, with body mass or other factors related to energy expenditure.

Different habitats of Madagascar are compared according to the results of screening tests on tannins and alkaloids. The eastern rain forest (at Andasibe) present slightly lower proportion of plants with alkaloid-like reaction, and a significantly higher proportion of tannin-rich plants than both the gallery forest and the Didiereaceae bush in the south (at Berenty). The results have been related to the gustatory ability of lemur species having to cope with these secondary compounds, and the food niche of the different species.

Introduction

Recent advances in the field of taste physiology have revealed that most of the taste bud sensory cells of the primate tongue respond to several substances, having higher affinities for some of them [START_REF] Faurion | Physiology of the sweet taste[END_REF]. The shape of the signal elicited on gustatory nerves is the result of the combined firing of all these cells. It is a kind of "signature" differing more or less in the various tasting substances, an evidence that left to rest the old idea of the "four basic tastes" (Faurion, 1993 ;[START_REF] Hladik | Taste perception and feeding behavior in nonhuman primates and human populations[END_REF].

There are, nevertheless, categories of substances (sugars, acids, etc.) that elicit taste signals with such resembling shapes that, for non human primates and humans, it is not easy to discriminate among different products within each category, even at high concentration. The occurrence of such classes of tasty substances among natural products is related to the evolutionary trends in food nutrient content and toxicity, and linked to sensory perception of potential consumers.

As diets have evolved in past and present environments, tastes have responded adaptively, especially in order to maximize energy intake. In turn, food plants have evolved nutrients and toxins in relation to the tasting abilities of consumers. These compounds can be benefi cent or harmful in various environments and at different concentrations, as shown by the examples discussed in this chapter.

Taste abilities of lemurs and other primates are presented in terms of thresholds and abovethreshold responses to potential foods. The method of investigating taste ability in non-human primates is based on a standard behavioral testing procedure: the "two-bottle test" [START_REF] Glaser | Gustatory preference behavior in primates[END_REF][START_REF] Simmen | Seasonal variation of taste threshold for sucrose in a prosimian species, Microcebus murinus[END_REF]. Consumptions of a tastant solution and tap water presented simultaneously are measured using various concentrations of the tastant, to determine the lowest concentration that is "discriminated". Although the behavioral thresholds of some primate species were quite similar to thresholds obtained by directly recording signals on a peripheral taste nerve [START_REF] Glaser | Verhaltens und electrophysiologische Experimente über den Geschmackssinn bei Saguinus midas tamarin (Callitrichidae)[END_REF], the results must be carefully interpreted because the test provides information on both taste discrimination and preference.

Sugar discrimination

Lemurs, as most non-human primates, include fruits in their diet. The form and function of the digestive system (including taste perception) have been shaped in parallel to the evolution of fruitbearing plants following the Mezozoic [START_REF] Hladik | Foods and the digestive system[END_REF][START_REF] Simmen | Taste discrimination and diet differentiation among New World primates[END_REF]. Although variable across plant species and in relation to ripening [START_REF] Bollard | The physiology and nutrition of developping fruits[END_REF], fruit composition generally includes soluble forms of sugars -mainly fructose, glucose and sucrose. 
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The thresholds for sucrose, which are known for 33 non-human primate species [START_REF] Iaconelli | Tannin perception: comparative studies on taste thresholds in a non-human primate and among samples of human populations[END_REF], vary between 6 and 330 millimoles/l (that is 2 to 113 g/l). Since these "behavioral thresholds" are the minimum concentrations that remain attractive, most ripe fruits have a sugar content that can actually be tasted and produce a sensory reward in most primate species.

For lemurs, as for other primates, including humans (Fig. 1), the threshold for sucrose is correlated with species body mass, the larger the species, the better taste acuity (i.e. low threshold).

There is a similar correlation between taste ability and body mass for fructose, although less data are available regarding thresholds [START_REF] Iaconelli | Tannin perception: comparative studies on taste thresholds in a non-human primate and among samples of human populations[END_REF].

These relationships may reflect the importance of taste acuity to improve foraging efficiency, since large body-sized primates perceive a wide range of sugar concentrations as palatable and can use a wide array of foodstuffs.

The adaptive trends are revealed by shifts from the regression line, although the wide scatter of data is partly due to inaccuracy or differences between the methods used to measure thresholds.

Among primate species differing noticeably from the common pattern (i.e. located outside of the regression line), the slow loris, Nycticebus coucang, exhibits a high taste threshold, presumably corresponding to a generalized decrease in taste sensitivity. This allows the use of pungent insects and other prey unpalatable to most primates [START_REF] Hladik | Diet and ecology of Prosimians[END_REF]. In contrast, the eclectic frugivorous diet of the squirrel monkey, Saimiri sciureus, would necessitate a taste acuity better than predicted by the allometric function to cope with the high energy expenditure of foraging in extremely large home ranges [START_REF] Terborgh | Five New World primates. A study in comparative ecology[END_REF].

Furthermore, there is a dichotomy in taste ability for peculiar sweeteners (protein sugar mimics such as monellin and thaumatin) between New World and Old World primates, including humans, and lemurs appear, in this respect, as close to platyrrhines [START_REF] Glaser | The taste responses in primates to the proteins thaumatin and monellin and their phylogenetic implications[END_REF]. For instance, the fruit of a rain forest species of west Africa, Thaumatococcus daniellii, has a very sweet pulp around the seeds, but almost no sugar. The corresponding sweetener, thaumatin, is tasted by Old World primates, but not by lemurs and New World primates.

Species differences in the ability to discriminate the very strong sweet taste (as perceived by humans) of such natural sweeteners are most likely explained by different binding mechanisms on chemoreceptors. Protein evolution in taste receptors would have followed species diversification, after catarrhine and platyrrhine primates evolved separately on the Old World and American continental plates respectively. In their corresponding rain forest environments, flowering plants competing for seed dispersal evolved fruits containing large amounts of sugars; the more sugar, the more efficient their dispersal by consumers. As a result, genes coding for the fortuitous emergence of proteins with tastes mimicking those of sugars would have been selected for. Primates feeding on these fruits of the African rain forest are "tricked" by the plant species for which they work as seed dispersers without receiving any energy in return (although they obtain a sensory reward).

In Madagascar, from this viewpoint, prosimian taste perception remained closed to that of the present platyrrhine primates of the New World, and the plants bearing fruits with sugar mimics have not been observed in the various Malagasy habitats. Nevertheless, one can wonder whether homologous forms have evolved, that have not yet been detected, since sugar mimics tasted by prosimians would be tasteless for humans whose taste buds have typical characteristics of catarrhine primates.

Taste sampling of soluble sugars allows high energy intake through immediate preference; but this example cannot be generalized to other high-calory foodstuffs. Indeed, several nutritious foods have little taste, including most plant parts containing starch or fat (such as tubers, nuts, and grains), the staple foods of human populations. The apparently imperfect taste response to these highly nutritious compounds (as compared to clear-cut responses to soluble sugars) could be related to the relatively recent radiation of flowering plants. Whereas sugars -always present in plant metabolic pathways -may have been concentrated in fruits of the early angiosperms, fatty fruits seem to be the result of a more recent and sophisticated evolutionary process [START_REF] Mckey | Evolution and history of tropical forests in relation to food availability -Background[END_REF]. In this case, the trend towards reduction in the size of the fruits is compensated by a high caloric density, and the reward (in terms of energy intake), although determined by a delayed response of the organism, can be associated to other cues of taste perception for an immediate sensory reward.

Discrimination of other tastants

The positive responses to sodium chloride of most mammal species have been considered as adaptive. However, mineral deficiencies are unlikely to occur among wild primates, especially in forest environments where available foods provide higher dietary supplies than estimated requirements [START_REF] Hladik | Géophagie et nutrition minérale chez les primates sauvages[END_REF]. Sodium chloride (which is harmful only if ingested in too large amounts) is present at low concentration in most plant parts (less than 0.5 % of the dry weight, that is below 20 mM concentration). The resulting salty taste is unperceivable for most primates, which have thresholds ranging between 5 mM and 500 mM. In this context of low risk of mineral deficiency, one may question whether geophagy plays a role in mineral nutrition.

Indeed, clay and other phyllitous soil materials eaten by primates can also work as adsorbent of tannins of the stomach content. This beneficent effect is the most likely explanation for geophagy during the periods of intense feeding on mature leaves that contain digestibility reducers such as tannins.

Tannins are widespread in plants ( [START_REF] Bate-Smith | Phytochemistry of proanthocyanidins[END_REF], known for their role as a chemical defence preventing destruction by predators [START_REF] Swain | Tannins and lignins[END_REF]. The biological effect derives from: (1) a repellant taste, that renders the plant tissues unpalatable, (2) affinity to bind with proteins and to form insoluble complexes, reducing the digestibility of protein (see review in [START_REF] Haslam | Plant polyphenols. Vegetable tannins revisited[END_REF]. Several primate species select plant parts with low levels of tannins [START_REF] Ganzhorn | Food partitioning among Malagasy primates[END_REF] whereas other species appear to tolerate large amounts [START_REF] Struhsaker | Charcoals consumption by Zanzibar red colobus monkeys: its function and ecological and demographic consequences[END_REF].

Recently, a gallotannin has been shown to elicit a signal on a branch of the chorda tympani -the proper nerve which conveys only gustatory signals -of Microcebus murinus [START_REF] Hellekant | On the sense of taste in two Malagasy primates (Microcebus murinus and Eulemur mongoz)[END_REF]. The same tannin produces responses in the neurones of the orbitofrontal cortex (secondary taste area) of Macaca fascicularis [START_REF] Critchley | Responses of primate taste cortex neurons to the astringent tastant tannic acid[END_REF]. The results suggested that astringency corresponds to one or several taste qualities.

In terms of plant adaptive strategies, tannins are efficient only when large amounts are present to deter herbivores. Condensed tannins in fruits -and their distasteful taste -tend to decline during maturation, simultaneously with the increase of sugars; the taste response is necessarily directed towards the resulting mixtures. For instance, [START_REF] Simmen | Taste discrimination and diet differentiation among New World primates[END_REF] showed that Callithrix jacchus and Callimico goeldii, which have similar perception of fructose, tolerate tannin/fructose mixtures, but reject them when the tannic acid reaches 4% of the fructose content (that is 0.4 g/l for a moderately sweet solution). Nevertheless, the more sugar in the mixture, the more tannin tolerated.

In Microcebus murinus, the behavioral method, (Two-bottle test) was used to measure differences of consumption between a solution of fructose at 100 mM vs the same solution added with tannins (tannic acid, oak tannin). The inhibition threshold was defi ned as the lowest tannin concentration for which the mean difference of consumption between mixture and sweet solution is signifi cant (paired-sample t-test). The inhibition threshold corresponds to 0.54 g/l for tannic acid and to 2.0 g/l for oak tannin, that is between 3 and 11% of the weight of fructose added to the solution (Fig. 2). This is a level corresponding to tannin concentration in many unripe fruits, a concentration that varies throughout the ripening process [START_REF] Van Buren | Fruit phenolics[END_REF]. For example, immature fruits eaten by chimpanzees, may contain 5 % (12 g/l assuming 80% moisture in fruits) of condensed tannins Figure 2. Ingestive responses of male Microcebus murinus towards binary solutions of fructose and tannin (upper: tannic acid; lower: oak tannin) versus pure fructose solution in a two-bottle test. The fructose concentration is held constant at 100 mM whereas tannin concentration is varied in each test. The inhibition threshold is defi ned as the lowest tannin concentration for which the mean difference of consumption between mixture and sweet solution is signifi cant (paired-sample t-test). [START_REF] Wrangham | Condensed tannins in fruits eaten by chimpanzees[END_REF]. As demonstrated by Simmen et al. (in press), the tolerance of tannins is dependant upon the concentration of sugar, which corroborates the idea of a trade-off between acceptable levels of tannin and nutrient content, mediated by oropharyngeal sensations.

The electrophysiological recordings obtained from the chorda tympani of Microcebus murinus proper nerve showed that tannic acid elicits a reponse at 0.34 g/l and no response at 0.21 g/l [START_REF] Hellekant | On the sense of taste in two Malagasy primates (Microcebus murinus and Eulemur mongoz)[END_REF]. Since astringency of tannic acid may partly be masked by sweetness [START_REF] Lyman | Oral astringency: effects of repeated exposure and interactions with sweeteners[END_REF], the results, using either electrophysiological or behavioral methods, are concordant.

The recognition thresholds were also determined for humans, as part of a European Union program, with a blind test during which tannic acid, oak tannin, and various non-tannin substances, were presented at random, starting from the weakest concentrations [START_REF] Iaconelli | Tannin perception: comparative studies on taste thresholds in a non-human primate and among samples of human populations[END_REF]. The individual recognition threshold is the lowest concentration for which the taste can be described according to standard quality labels (sweet, sour, salty, bitter or astringent). The recognition thresholds for tannins varies among European populations between 0.32 and 0.79 g/l for oak tannin, and between 0.22 and 1.15 g/l for tannic acid. Significant differences (p<0.05) between the north samples (France) and the south samples (Italy + Spain) for both tannins have been found, the latter having higher thresholds. Alimentary inquiries indicate that the proportion of astringent products in the diet was much higher in mediterranean populations (astringent vegetables, olive oil, oak acorn, chestnut, red wine, lemon, and grape). Either dietary or genetic factors may influence the recognition threshold for astringent taste.

Taste and feeding selectivity in various environments

Taste thresholds for quinine vary widely -from 0.8 to 800 micromoles per liter (μM) -among non-human primates; but in contrast to what was observed for sugars, no relationship could be found between the taste sensitivity to quinine and the body mass of different species (Fig. 3). A wide range in sensitivity may reflect the adaptations of different primate species to different nutritional environments, as exemplified by the two marmosets, Callithrix argentata, living on white-sand riverine forests, and Cebuella pygmaea, inhabiting the interior of the rain forest. Both species feed mainly on the gum exuded by a tree bark after they have gouged it with their incisors. These primates are in contact with bark substances evolved by tree species as chemical defences (for instance quinine is a chemical substance in cinchona bark). However, due to the peculiar environment where these marmosets live in, the alkaloid content and toxicity of the bark is likely to vary. Contrary to rain forests, where there is little risk of eating bitter plants -because most alkaloids, such as caffein, are not likely to be highly toxic -forests with less diversified flora (such as that inhabited by Callithrix argentata) present a higher risk, that can be avoided by an extreme sensitivity to quinine.

In fact, plant parts are frequently selected for on the basis of low content of alkaloid and/or tannin. But this is not a general rule. In the Gabon rain forest, for example, where 14% of the plant specimens (among 382 species tested) react positively to the alkaloid test, the chimpanzee includes in its diet a similar proportion (15%) of plants likely to have a high alkaloid content. Accordingly, since chimps have no particular detoxification system, most alkaloids in this environment can be compared to caffein in their weak toxic effect [START_REF] Hladik | Signification écologique des teneurs en alcaloïdes des végétaux de la forêt dense: résultats des tests préliminaires effectués au Gabon[END_REF]. Furthermore, the observations of [START_REF] Huffman | Observations on the illness and consumption of a possibly medicinal plant, Vernonia amygdalina (Del.), by a wild chimpanzee in the Mahale Mountains National Park, Tanzania[END_REF] of chimpanzees, in a montane forest, "curing themselves" with a bitter plant species, Vernonia amygdalina, usually discarded by healthy individuals, provide evidence that the aversive response to alkaloids can be reversed. Our recent observations in various environments of Madagascar, also provide evidence of the variation of tannin and alkaloid occurrence, with which lemurs have to cope, but the question of whether Malagasy prosimian species differ in their tolerance of plant secondary compounds has been little investigated so far. In the eastern rain forest of Andasibe, niche partitioning has been inferred on the basis of species ability to feed on plants containing alkaloids and tannins [START_REF] Ganzhorn | Food partitioning among Malagasy primates[END_REF]. In captivity, primate species exhibit distinct taste discriminative thresholds for quinine hydrochloride and tannic acid (see above).

Plants were collected in the eastern rain forest at Andasibe and in the gallery forest as well as in the spiny Didiereaceae bush in southern Madagascar (Berenty). The screening of alkaloids was performed using Mayer's and Dragendorff's reagents. For phenolic compounds, we used ferric chloride and salted gelatine. The occurrence of these secondary compounds is determined according to the precipitate obtained when adding the reagents to solubilized leaf samples. The amount of the precipitate is expressed on a scale ranging from 0 to +++ ( [START_REF] Hladik | The dry forest of the west coast of Madagascar: climate, phenology, and food available for prosimians[END_REF]. It must be stressed that the reagents used to detect these substances are not totally specifi c (preliminary results are presented here). In addition, the high alkaloid content found in both the rainforest (Andasibe) and gallery forest (Berenty) can be explained by the large number, in our samples, of species living in open habitats (pioneer species, or introduced plants). The open parts of a rainforest, with a relatively low plant diversity, present a high frequency of alkaloid-rich plants [START_REF] Hladik | Signification écologique des teneurs en alcaloïdes des végétaux de la forêt dense: résultats des tests préliminaires effectués au Gabon[END_REF], as in the case of white-sand riverine forests (see above). Table 2 shows the alkaloid and phenolic contents (according to screening tests) of a subset of the leaves selected by each of the three species, as compared with a random sample of plants available in the habitat. Plants tested accounted for more than 70% of the diets (by weight). It may be seen that only Lemur catta choose plants with low phenolics and tends to avoid plants containing alkaloids (the difference, however, is not significant, with p=0.07). The distribution of these secondary compounds in the diet of the other two species do not differ significantly from that of the random sample. For instance, Propithecus verreauxi can feed on the tannin-rich leaves of Vernonia pectoralis (Asteraceae) in the gallery forest of Berenty (Fig. 4). Phenolic compounds include tannins as well as non-tannins molecules, and, as discussed above, the occurrence of alkaloids and tannins does not necessarily imply toxic or digestibilityreducing effects. For instance, one of the most common fruit at Berenty, in December, Rinorea greveana, that responded positively to the alkaloid reagents, was eaten by all lemur species including Lemur catta (Fig. 5). However, the fact that L. catta tends to avoid many plants that respond positively suggests that leaves actually have a deterrent effect, probably mediated by alkaloids and/or tannins.

We also observed a few cases of geophagy in L. catta, a behavior that, besides other beneficent effects, may efficiently reduce tannin activity through adsorption by earth [START_REF] Johns | Detoxification and mineral supplementation as functions of geophagy[END_REF]Setz et al.., in press). When testing solutions of pure tannic acid with the tannin reagents, large precipitates were obtained for concentrations higher than 0.4g/l. Accordingly, this might correspond to the tolerance threshold of Lemur catta. In the case of Propithecus verreauxi, much larger amounts are required (above 170g/l) to depress the ingestion of mixtures of sucrose with tannic acid [START_REF] Dennys | Approche du rôle de la perception gustative dans la différenciation et la régulation du comportement alimentaire des lémuriens[END_REF]. In the eastern rain forest of Andasibe, the tolerance of condensed tannins and alkaloids in Eulemur fulvus [START_REF] Ganzhorn | Food partitioning among Malagasy primates[END_REF], a phenomenon that is apparently similar in Berenty, might also be related to a low taste sensitivity.

Such data provide evidence that different abilities to taste bitter or astringent compounds may explain food choices of different species living in the same habitat. It is likely that lemur species having evolved distinct sensibilities also have to adjust food choices in relation to the relative abundance of plant secondary compounds in different habitats.
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List of the specimens tested for phenolics and alkaloids, in the mid-montane forest (at Andasibe) and, (at Berenty) in the thorny bush (B) and the gallery forest (F), eventually planted (Pl). ---------------------------- 

Figure 1 .

 1 Figure 1. Allometric relationship between taste sensitivity to sucrose and body mass in lemurs (squares) and other primates (circles); data from Simmen and Hladik (1998); Hladik and Pasquet (in press).
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Figure 3 .

 3 Figure3. Relationship (without allometry) between taste sensitivity to quinine and body mass in lemurs (squares) and other primates (circles); data from[START_REF] Iaconelli | Tannin perception: comparative studies on taste thresholds in a non-human primate and among samples of human populations[END_REF].

Figure 4 .

 4 Figure 4. Propithecus verreauxi feeding on the tannin-rich leaves of Vernonia pectoralis (Asteraceae) in the gallery forest of Berenty (photo B. Simmen, June 1998)

Figure 5 .

 5 Figure 5. Lemur catta feeding on fruits Rinorea greveana in the gallery forest of Berenty (photo C.M. Hladik, December 1997)

Table 1 ;

 1 see detailed results in Appendix). ������ �� ���������� �� � ����������� ���� ������ �� ��� ���� �� ���������� ����������� ���� ��� �������� ��������� ��� ������� ������ ��� ��� ������������ ���� ��� ��������� ��������� �� ��� ��������� �� ��������� ��� ��������� �� ������ ������� ��� ������������ �� ��� ����������� ������� ���� ���������� ����� ���� ��������������������������������������The distribution of phenolics in plants at Andasibe differs signifi cantly from that found in the two forest types at Berenty. Plants responding ++ and +++ account for much of the difference.
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Conversely, the plants at Andasibe are more frequently poor in alkaloids compared with the other two forests. It is noticeable however that, in all three sites, proportions of plants that give strong positive responses to alkaloid reagents are higher than those found in many other primate habitats, including lemur habitats (e.g. dry deciduous forest of Morondava; A.

Table 2

 2 In May/June 1998, the diet of sympatric groups of three species, Lemur catta, Eulemur fulvus (introduced population), and Propithecus verreauxi was studied in terms of the relative proportions of ingested matter, in the gallery forest of Berenty. A total of 46 leaf species was observed to be eaten by Propithecus, versus 22 by Lemur catta, and 9 by Eulemur fulvus.

. Comparison of dietary plants selected by three lemur species, with a random sample of the gallery forest (at Berenty), according to the screening of phenolics and alkaloids. The significance of the differences derives from Chi-square tests (*: ��0.05). The difference between the distribution of alkaloids in �� �����'s diet and alkaloids in the gallery forest is close (�=0.07) to the level of significance. a: In �� ������, which exhibits a low dietary diversity, results were grouped in two classes to apply the statistical test with the continuity correction.

  The herbarium specimens have been collected by A. Hladik (Ref. AH), and by B. Simmen and P. Ramasiarisoa (Ref. M), with tentative identification for sterile specimens.
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