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                    Abstract

Ethanol is a naturally occurring substance resulting from the fermentation by yeast of fruit sugars. The association between yeasts and angiosperms dates to the Cretaceous, and dietary exposure of diverse frugivorous taxa to ethanol is similarly ancient. Ethanol plumes can potentially be used to localize ripe fruit, and consumption of low-concentration ethanol within fruit may act as a feeding stimulant. Ripe and over-ripe fruits of the Neotropical palm Astrocaryum standleyanum contained ethanol within the pulp at concentrations averaging 0.9% and 4.5%, respectively. Fruit ripening was associated with significant changes in color, puncture resistance, sugar, and ethanol content. Natural consumption rates of ethanol via frugivory and associated blood levels are not known for any animal taxon. However, behavioral responses to ethanol may have been the target of natural selection for all frugivorous species, including many primates and the hominoid lineages ancestral to modern humans. Pre-existing sensory biases associating this ancient psychoactive compound with nutritional reward might accordingly underlie contemporary patterns of alcohol consumption and abuse.
                    

                    INTRODUCTION

The widespread occurrence of fermentative yeasts in ripening and ripe fruits indicates potential co-option of associated ethanol for use as a behavioral cue by vertebrate frugivores (Dudley, 2000, 2002). In particular, ethanol plumes might serve in localization of these transient nutritional resources, whereas ethanol consumed during the course of frugivory could act as an appetitive stimulant. Because humans are ancestrally derived from frugivorous primates, preference for and excessive consumption of alcohol by modern humans might accordingly result from pre-existing sensory biases associating ethanol with nutritional reward. Little is known, however, about either the natural occurrence of ethanol within fruits or the behavioral responses of frugivorous animals to such cues.
As agents of both microbial decay and fermentative activity, yeasts are widespread both on and inside fruits (see Last and Price, 1969; Cipollini and Stiles, 1992, 1993b; Spencer and Spencer, 1997). Anaerobic fermentation of sugars by yeasts yields ethanol. This metabolic pathway emerged in yeasts concomitantly with the shift by angiosperms from small wind-dispersed seeds to larger and more fleshy vertebrate-dispersed fruits during the late Cretaceous into the Paleocene (see Eriksson et al., 2000; Benner et al., 2002). Ethanol expression by fermentative yeasts appears to have specifically evolved to inhibit activity of bacterial competitors within ripe fruit (Ingram and Buttke, 1984), and ethanol plumes emanating from ripe fruit might thus have provided useful sensory information, both diurnally and nocturnally, from the very inception of mammalian frugivory. Given this historical presence of yeasts that consume sugars, plants correspondingly express a diversity of antifungal compounds within developing and ripe fruit to impede decomposition (see Janzen, 1977; Borowicz, 1988b; Cipollini and Stiles, 1992; Cipollini and Levey, 1997a, b, c). Because microbial decay reduces the likelihood of vertebrate dispersal (Herrera, 1982; Borowicz, 1988a; Cipollini and Stiles, 1993a), the evolutionary pressures for effective antifungal measures that prevent spoilage are substantial.
The phenomenon of ripening, however, involves relaxation of defenses against premature consumption both by potential dispersers and by microbial pathogens (Thompson and Willson, 1979; Herrera, 1982; Janzen, 1983). Fruit ripening involves a coordinated series of changes in color, texture, volatile expression, and the conversion of starch to sugars (Brady, 1987; Tucker, 1993). In aggregate, these changes indicate suitability for consumption and dispersal by a vertebrate frugivore. As a consequence, fully ripe fruits are susceptible to microbial decay, an outcome that can interfere with the plant's evolutionary goal of consumption and dispersal by vertebrates (see Janzen, 1977; Borowicz, 1988a; Cipollini and Stiles, 1993a). Microbes, invertebrate fruit consumers (especially insect larvae), and vertebrate dispersers can thus be viewed as competitors for access to a rich but transient nutritional substrate.
In spite of the possible significance of ethanol for frugivore behavior and ecology (Levey and Martínez del Rio, 2001), knowledge of fermentation for non-domesticated fruits in natural ecosystems is confined to only several examples. Eriksson and Nummi (1982; see also Forsander, 1978) determined fairly low ethanol contents (0.05–0.3% w/w) for rowan berries, rosehips, and hawthorn fruits in autumn and winter conditions in Finland. Such temperate-zone fruits are unlikely, for reasons of low ambient temperatures alone, to be characterized by particularly high ethanol concentrations. Fermentation of fruit crops is instead more pronounced in warm and humid environments that promote both yeast growth and rapid decomposition. Dudley (2002) presented ethanol data for three fruiting taxa in a Neotropical forest, and found that pulp of ripe and very ripe palm fruits (Astrocaryum standleyanum) contained ethanol at concentrations of about 0.5% and 0.6%, respectively.
The present study extends existing data on A. standleyanum to include parallel measures of texture and color for quantitative assessment of fruit ripeness, and also compares larger sample sizes of fruits taken both directly from the infructescence and from the ground where a greater range of decompositional conditions is available. A. standleyanum is a common palm species in lowland Panamanian rainforest, and bears large crops of orange fruits that are consumed by red-tailed squirrels, spiny rats, kinkajou, Central American agoutis, collared peccaries, and white-faced capuchin monkeys (Hladik and Hladik, 1969; Croat, 1978; Smythe, 1978, 1989; Hoch and Adler, 1997; Kays, 1999). This palm therefore represents an appropriate target species for evaluating the potential role of ethanol in the sensory and nutritional ecology of mammalian frugivores. Moreover, palm fruits have been proposed (together with figs) to be keystone resources for Neotropical vertebrate frugivores (Terborgh, 1980). Broad biogeographic and taxonomic screening of angiosperm fruits for ethanol content is beyond the scope of the present paper, but demonstration of ethanol-associated ripeness cues in palms may nonetheless be of general relevance for those frugivorous primates predominantly associated with tropical rain forest.
                    MATERIALS AND METHODS

Field collections and laboratory measurements were carried out on Barro Colorado Island (BCI), Republic of Panama, in May and June 2002 during the rainy season (ripe and over-ripe fruits), and in December 2002 (unripe fruits). Fruits were knocked down from infructescences using either a slingshot or thrown rocks (fruits thus obtained are hereafter referred to as hanging fruits), or were collected at the base of fruiting trees (i.e., fallen fruits). Following transport of fruits within a closed plastic bag to the laboratory on BCI, measurements were made either immediately or within three hours of collection. In the latter case, individually bagged fruits were kept within a cold room at 10°C. Fruits were visually categorized as being either ripe or over-ripe; obviously rotting fruits were not used for measurements. Over-ripe fruits were never obtained from infructescences, and thus were only collected from the ground. Spatial heterogeneity of ripeness within an individual fruit was sometimes pronounced, particularly for fallen fruits. In these cases, all measurements were confined to a visually homogeneous region of the fruit. Wet masses of the exocarp (skin), mesocarp (pulp), and endocarp (seed) were also measured on twenty ripe fallen fruits.
Color reflectance spectra, puncture resistance, sugar content of the pulp, and ethanol concentration of the pulp were measured on all collected fruits. Reflectance spectra of the skins were determined using a portable spectroradiometer (Colortron II; Lightsource) that measured absolute reflectance at 10 nm intervals over the spectral range of 390–700 nm. An averaging feature of the device permitted continuous accumulation and time-averaging of spectra. A mean reflectance spectrum was determined for each individual fruit by slowly moving the spectroradiometer's measurement region (3 × 4 mm) about the fruit's circumference. Resistance to puncture was determined using a Chatillon Type 719 penetrometer with a tip radius of 4.7 mm. Force was slowly applied to the penetrometer until the exocarp visibly fractured at the region of contact with the tip of the device. Displacement of a sliding force indicator was used to determine the maximum applied force. Three separate measurements of puncture force were used to estimate an average value per fruit. It should be mentioned that the tip of the penetrometer was beveled, and that the force measured here is a comparative rather than absolute measure of fruit mechanical properties (see Lucas et al., 2000).
Sugar and ethanol measurements were made excluding the exocarp and the endocarp (i.e., the seed), given that the carbohydrate rewards for dispersers are located primarily if not exclusively within the pulp, wherein fermentative processes are also likely localized. Soluble carbohydrate content of macerated pulp was determined using a handheld Westover RHB-32 Brix refractometer calibrated against known sucrose standards. Ethanol concentrations of pulp were determined from equilibrium vapor pressure measurements made using an electrochemical ethanol sensor (PAS Systems, Fredericksburg, VA) calibrated against ethanol solutions of known concentration. A sample volume weighing 3.0 g of calibration fluid or of macerated and diluted mesocarp was placed in a plastic weighing boat such that a circular fluid surface (18 mm radius) was exposed. The average dilution factor for pulp from ripe and over-ripe fruits was 6.8; this dilution ensured release of pulp solutes from within a fibrous matrix, and was also necessary in some cases to yield an ethanol concentration within the sensor's range. No dilution was used for the pulp of unripe fruits because of their very low ethanol content. The weighing boat containing macerated fruit pulp was sealed within a 0.95 liter plastic bag that also contained the ethanol sensor.
The ethanol sensor was activated at fixed time intervals via a contact switch on the device; electrical leads running through the bag via glue-sealed holes were used to monitor voltage output of the ethanol sensor. Ethanol vapor pressures between air and dilute ethanol samples equilibrated rapidly (e.g., 95% equilibration in 30 minutes). Measurements on all fruit samples were therefore taken at one hour following sample insertion to standardize comparisons while minimizing consequent ethanol production over this time period. All measurements were conducted at an approximately constant ambient air temperature determined from a mercury thermometer inside the sealed plastic bag (mean [SD] = 26.0°C [0.6°C]). Measurements of ethanol concentration for diluted pulp solutions were multiplied by the aforementioned factor of dilution to obtain the corresponding estimate for non-diluted mesocarp.
                    RESULTS

Pulp of ripe palm fruits contained ethanol at concentrations averaging 0.6–0.9%, whereas that of over-ripe fruit averaged 4.5% (Table 1). The highest value obtained for pulp of an individual (over-ripe) fruit was 8.1%. The mass of individual ripe fruits found on the ground averaged 27.97 g, 38% of which was pulp and 42% of which was the seed. Unripe, ripe (both hanging and fallen), and over-ripe fruits differed significantly in puncture force (F = 220.0; df = 3,43; P < 0.0001), sugar content (F = 33.4; df = 3,43; P < 0.0001), and ethanol content (F = 13.2; df = 3,43; P < 0.0001). Most notably, green fruits contained no measurable ethanol (see Table 1), and over-ripe fruits had much higher ethanol concentrations than either hanging or fallen ripe fruits (Fisher's PLSD, P < 0.0001 in both cases). Green fruits were much harder, as measured by penetration force, than ripe or over-ripe fruits (Fisher's PLSD, P < 0.0001 in each case). Exocarp of green unripe fruits turned orange as they ripened, whereas over-ripe fruits were substantially more reflective in red than ripe fruits (Fig. 1). Sugar and ethanol content were inversely correlated when ripe and over-ripe fruits were pooled (Fig. 2).
                    DISCUSSION

                    Palm fruits and ethanol production

In tropical rainforests, the majority of woody plant species disperse seeds via vertebrate frugivores (Fleming et al., 1987; Jordano, 2000). The palm A. standleyanum exhibits a dispersal strategy mediated primarily by Central American agoutis (Dasyprocta punctata), whereby these rodents consume the pulp of fallen fruit and then cache the seed in the ground (see Smythe, 1970, 1978). Seed survivorship is enhanced by burial in a cache, and a certain fraction of the seeds thus buried are never recovered by the rodent. Such seeds experience a higher likelihood of germination (Smythe, 1989). In part, the large mesocarp of ripe fruits can be viewed as a necessary cost to the plant to facilitate caching behavior by the rodent. This mutualism between agouti and palm is reinforced by the pronounced spines along the trunk and rachides of both fronds and infructescences of A. standleyanum. These spines presumably deter climbing by frugivorous taxa which might otherwise consume fruits directly from the infructescence without effecting either dispersal or caching. For example, white-nosed coatis climb into the canopy to eat ripe fruit of the palm Attalea zonensis on BCI (personal observation). Similarly, white-faced monkeys and red-tailed squirrels attain the infructescence of A. standleyanum via jumping into the crown, thus avoiding spines of the bole and consuming the fruit pulp with limited possibility for seed dispersal. Collared peccary likely consume and digest both pulp and seed of fallen A. standleyanum fruits, an outcome detrimental from the plant's evolutionary perspective.
For all aforementioned mammalian consumers of A. standleyanum, ingestion of either ripe or over-ripe fruits simultaneously involves ingestion of low-concentration ethanol. Pulp-ethanol concentrations within ripe and over-ripe palm fruit averaged from 0.6% and 4.5%, respectively, representing a non-trivial absolute quantity given the substantial proportion of the fruit committed to pulp (∼38% of wet fruit mass). As fruits ripened, coordinated changes in color, texture, and sugar content were all apparent. Fruits became softer and sweeter, both of which are characteristic changes in ripening that facilitate consumption (see Brady, 1987; Debussche et al., 1987; Willson and Whelan, 1990; Tucker, 1993). The anthropogenic classification of palm fruits into either ripe or over-ripe corresponded, at least in part, to the extent of fermentative activity given the significantly higher ethanol content in fruits of the latter category. Dudley (2002) reported substantially lower pulp-ethanol concentrations (i.e., a mean value of 0.6%) for over-ripe fruits of Astrocaryum standleyanum. The discrete categorization of fruits as either ripe or over-ripe, however, likely subsumes a diversity of microbial regimes according to age of fruit, thermal and hydric conditions, and within-fruit substrate heterogeneity. The dilution methods used here may have also more effectively homogenized pulp samples. Pulp-ethanol concentrations for those ripe fruits studied here were, by contrast, comparable to those reported by Dudley (2002). Unripe palm fruits contained negligible ethanol (Table 1), as would be anticipated given negligible presence of sugars and storage of carbohydrates as starch.
Two methodological issues pertain to the chemical analyses of fruit tissue used here. In a survey of fruit from thirty-seven temperate-zone species (White and Stiles, 1985), refractometry was found to substantially overestimate carbohydrate solute concentrations because of the contributions of nonsugar components, particularly lipids. White and Stiles (1985) accordingly cautioned against the use of refractometry in interspecific comparisons of fruit nutrient rewards, although this method may still be relevant in intraspecific comparisons if non-carbohydrate contributions to solute concentration remain proportionally constant. The data obtained here to estimate sugar concentrations likely indicate the overall relative trend among the discrete fruit categories (i.e., unripe, ripe, and over-ripe), although chromatography would clearly be the preferred method to isolate and identify pulp sugars.
Similarly, the estimates of ethanol concentration used here involve a number of methodological assumptions. Contributions to total vapor pressure of non-ethanol volatiles are ignored. Ethanol is the predominant but not necessarily the only alcohol found in fermenting fruit. Perhaps more importantly, pulp samples were homogenized and then held for one hour prior to measurement of ethanol vapor content, in order to ensure equilibration of vapor pressure between sample and air. This period of time may have facilitated further fermentation and production of ethanol, particularly if fresh substrate were available to newly dispersed yeast populations. The relative importance of this effect is difficult to assess in the absence of pre- and post-homogenization measures of ethanol content, although relative comparisons among fruit classes are unlikely to have been affected.
Because ripening occurs over a period of many weeks, fungi, bacteria, invertebrates, and destructive vertebrates have ample time to feed on fruit sugars prior to consumption of the fruit by an appropriate disperser (Thompson and Willson, 1978; Herrera, 1982). Intense competition both within and external to the fruit can therefore be expected. Production of ethanol by fermentative yeast may, in fact, be part of an evolved strategy to compete with other microbes for access to sugars. Ethanol inhibition of bacterial growth is strongly dose-dependent in the range of 1–10%, whereas fermenting Saccharomyces yeasts have a substantially higher tolerance, and also exhibit substantial genetic variability in this polygenic trait (see Ingram and Buttke, 1984; Casey and Ingledew, 1986). Ethanol tolerance in both yeasts and bacteria is temperature-dependent, with susceptibility increasing at higher temperatures (Ingram and Buttke, 1984). Medium composition also plays an important role in mediating tolerance to ethanol, although the relevance of homogeneous growth media to naturally occurring fungal ecologies is unclear. Microbial interactions within non-agricultural fruit of natural ecosystems seem never to have been examined from the perspective of ethanol and its potential role as a bactericide.
                    The comparative biology of ethanol consumption

Data presented here for palms suggest that vertebrate dispersers consuming ripe fruit are also ingesting ethanol, and that sufficiently high levels of ingestion may yield elevated blood-ethanol levels. Low-concentration ethanol within fruit may act as an attractant to vertebrate frugivores, or even as a deterrent in some cases (Janzen, 1977; Levey and Martínez del Rio, 2001) but no data are available that evaluate either possibility. The natural history of animal inebriation has been documented anecdotally (see Dennis, 1987; Dudley, 2000), but has received no scientific attention. In frugivorous birds, the best studied of such taxa, limited evidence suggests at least occasional dietary exposure to ethanol. Fitzgerald et al. (1990) documented ethanol toxicosis in cedar waxwings that had been feeding on fermenting hawthorn fruits. Eriksson and Nummi (1982) fed naturally fermenting fruits to three avian taxa, and found that the most specialized frugivore among the three also exhibited the fastest rates of ethanol clearance and the most active isozyme of alcohol dehydrogenase in the liver. Similarly, Prinzinger and Hakimi (1996) found the fastest activity of blood alcohol dehydrogenase in a frugivorous species among three sampled bird taxa. Mean and peak blood-ethanol concentrations have never been measured, however, for either insect or vertebrate taxa feeding on fruits.
One important consequence of fermentation within ripe and over-ripe fruits is generation of an ethanol plume around the infructescence and fallen fruit crops. Particularly in the tropics, ripe fruit is a highly transient and spatially heterogeneous resource (Richards, 1996; Leigh, 1999; Levey et al., 2002). For both arboreal and ground-dwelling frugivores, rapid localization and consumption of fruits is preferred given ecological competition from other frugivorous taxa. Selection for foraging behaviors may have been associated with the initial elaboration of spatial memory in frugivorous primates (Milton, 1988, 1993), although little is known about the behavioral and physiological mechanisms of fruit localization by vertebrate frugivores over large spatial scales. However, the low molecular weight of ethanol and its substantial concentration within fruit pulp well suit this molecule for long-distance signaling of availability to appropriate consumers. Ripening involves production of a number of fruit volatiles (Nursten, 1970), but ethanol is perhaps the only olfactory commonality to an otherwise bewildering taxonomic array of angiosperm fruits. Under natural conditions, the three-dimensional structure of ethanol plumes emanating from fruit crops will reflect the often variable wind regimes within forest canopies (Lowman and Nadkarni, 1995). Upwind flight following contact with a plume can nonetheless be an efficient search strategy to locate an odor source. Although the olfactory sensitivity of primates to various alcohols is well-developed (Simmen, 1994; Laska and Seibt, 2002), anemotactic behavior to localize ethanol sources has not been demonstrated for any vertebrate frugivore.
Female Drosophila flies, however, are known to follow ethanol plumes to locate ripe fruit suitable for oviposition sites (Hoffmann and Parsons, 1984). Molecular pathways of inebriation are similar between fruitflies and humans (Miyakawa et al., 1997; Moore et al., 1998; Wolf and Heberlein, 2003), and evolutionary exposure to ethanol has yielded adaptation in ADH and ALDH activities corresponding to the extent to which ethanol occurs within larval substrates (e.g.,Geer et al., 1990, 1993; Merçot et al., 1994; Ashburner, 1998; Fry, 2001). Chronic environmental exposure to ethanol may thus result in physiological adaptation and overall fitness benefits to animal frugivores. For example, the lifespan of Drosophila species that naturally encounter fermenting nutritional substrates is increased at very low concentrations of ethanol, but decreases at zero exposure and at higher concentrations (Starmer et al., 1977; Parsons, 1983, 1989). Similarly, lifetime fecundity of Drosophila is enhanced by the presence of low-concentration ethanol vapor (Etges and Klassen, 1989). Although perhaps an unlikely candidate to serve as a representative frugivorous taxon, fruitflies may be the most experimentally tractable group with which to evaluate natural ethanol exposure and inebriation under field conditions.
                    An evolutionary perspective on alcohol consumption and abuse

The presence of ethanol within ripe fruit suggests low-level but chronic dietary exposure to this molecule for all fruit-eating taxa. Volatilized alcohols from fruit potentially serve in olfactory localization of transient nutritional resources, whereas ethanol consumed during the course of frugivory may act as an appetitive stimulant (Dudley, 2000, 2002). As a consequence, natural selection may have acted on all frugivorous taxa, including human ancestors, to associate ethanol consumption with nutritional reward. Vertebrate frugivores in the wild would accordingly be predicted to selectively consume those fruits containing ethanol. Preference for and excessive consumption of alcohol by modern humans might then derive from pre-existing sensory biases associating ethanol with ancestral dietary strategies.
Frugivory characterizes many primate taxa, including most taxa ancestral to modern humans (Fig. 3). Basal primates were likely nocturnal and consumed both insects and fruits (Ravosa and Savakova, 2004; see also Bloch and Boyer, 2002; Ni et al., 2004). Fruit-eating also characterized a number of now extinct hominoid lineages (e.g., Afropithecinae, Dryopithecinae, Kenyapithecinae; see Teaford and Walker, 1984; Pickford, 1985; Teaford, 1988; Andrews and Martin, 1991; Andrews, 1992, 1996; Kay et al., 1997). All extant hominoids with the exception of highland gorillas are strongly frugivorous. Our nearest living relatives, the chimpanzees, are characterized by a diet consisting primarily of ripe fruit (McGrew et al., 1988; Wrangham et al., 1991; Malenky and Wrangham, 1994). Humans diverged from chimpanzees about 5 Ma (mega-annum), but up until 2 Ma probably had a similar diet (Gaulin and Konner, 1977; Grine and Kay, 1988). Dietary diversification has characterized human evolution in the last two million years (Eaton et al., 1997; Milton, 1999; Sponheimer and Lee-Thorp, 1999), but fruit consumption likely remained an important feature of the human diet until the Neolithic advent of agriculture. Consumption of low-concentration ethanol in the course of frugivory was thus characteristic of most hominoid taxa, including precursors to modern humans, over millions of years of evolution.
This evolutionary perspective raises the possibility of novel interpretations for the motivational mechanisms underlying both natural ethanol consumption as well as its abuse by humans. Among fruitfly species, preference for ethanol within larval medium is correlated with the ability to metabolize ethanol, suggesting a direct link between sensory motivation and physiological capacity for substrate utilization (Parsons, 1980; Depiereux et al., 1985; Cadieu et al., 1999). Intra- and interspecific variation in ADH and ALDH activity among extant frugivorous primates should similarly be correlated with the extent of dietary exposure to ethanol. Frugivorous lowland gorillas, for example, should both prefer and be more capable of metabolizing ethanol than their more folivorous montane counterparts (see Fig. 3). Both the natural occurrence of ethanol within fruits and the typical levels of ingestion and intoxication experienced by frugivores deserve quantitative attention, as do the sensory and behavioral responses of different vertebrate taxa to ethanol at naturally occurring concentrations.
Sustained evolutionary exposure to low-concentration ethanol will favor the evolution of metabolic adaptations that maximize physiological benefits associated with ethanol ingestion while concomitantly minimizing related costs. Exposure to higher concentrations of ethanol that are not naturally encountered may, by contrast, cause harm; such a nonlinear dosage-response curve is termed hormesis (Gerber and Williams, 1999; Forbes, 2000; Calabrese and Baldwin, 2003). As with longevity and fitness benefits of ethanol exposure in fruitflies, epidemiological studies in modern humans demonstrate a reduction in cardiovascular risk and overall mortality at low levels of ethanol consumption relative either to abstinence or to higher intake levels (e.g.,German and Walzem, 2000; Abramson et al., 2001; Mukamal et al., 2002; Vahtera et al., 2002; Klatsky, 2003). The considerable variation in human behavioral responses to alcohol (see Marshall, 1979; Agarwal and Goedde, 1990) is also consistent with evolutionary predictions, namely that novel exposure to high concentrations of hormetic compounds increases phenotypic variance (Hoffmann and Parsons, 1997; Holloway et al., 1997; Gerber and Williams, 1999). Unfortunately, consequences of chronic but low-level ethanol ingestion for reproductive fitness have not been determined for either modern humans or non-human primates.
Genetically-based behaviors that were once adaptive in ancestral environments can become disadvantageous in modern contexts that provide ad libitum access to nutritional substrates (Cronk, 1991; Williams and Nesse, 1994). If natural selection has acted on human ancestors to associate ethanol with nutritional reward, then excessive consumption by modern humans may be viewed as such a disease of nutritional excess. Availability of ethanol at concentrations higher than those attainable by yeast fermentation alone (i.e., 10– 12%) is a very recent event in human history (see Dudley, 2000, 2002). As an extreme of ethanol consumption, the biomedical and sociocultural phenomenon of alcoholism poses particular challenges. Alcoholism is known to be both partially heritable and polygenic in character (Cloninger, 1987; Cook and Gurling, 1990; Goldman, 1993), whereas the physiological response to ethanol can be correlated with enzymatic activity of particular ADH and ALDH isozymes both within and among human populations (Agarwal and Goedde, 1990; Goldman and Enoch, 1990; Osier et al., 1999; Osier et al., 2002). Rates of alcoholism, however constructed definitionally, tend to be much lower among East Asians than in West European and North American populations, consistent with deterrent effects on ethanol consumption associated from slow-acting ALDH isozymes and corresponding accumulation of toxic acetaldehyde (Agarwal and Goedde, 1986; Helzer and Canino, 1992). Such comparisons among human populations suffer, however, from the presence of potentially confounding cultural differences as well as definitional variation in the phenomenon termed alcoholism.
More convincing, however, are the recent intrapopulational studies of genetic influences on excessive consumption of alcohol. Japanese and Taiwanese alcoholics exhibit reduced frequencies of catalytically more effective ADH isozymes as well as higher frequencies of faster-acting ALDH isozymes relative to their non-alcoholic counterparts (Chen et al., 1996; Shen et al., 1997; Tanaka et al., 1997; Harada et al., 1999; Reich et al., 1999). Although genotype-by-environment interactions are likely to be pronounced in the clinical emergence of alcoholism, these studies clearly implicate aversive acetaldehyde accumulation, derived from the interacting dynamics of ADH and ALDH activities, as being protective against excessive alcohol consumption (Li, 2000). Addictions in general, and alcoholism in particular, have usually been viewed as novel afflictions devoid of evolutionary context. However, ethanol ingestion via frugivory is ancestral in many primate taxa and may influence contemporary behavioral responses to this psychoactive compound by humans. Study of natural dietary consumption of ethanol in diverse frugivorous taxa may therefore contribute to our understanding of human patterns of alcohol consumption and abuse.
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Fig. 1. Reflectance spectra of unripe, ripe, and over-ripe fruit. Ripe hanging and ripe fallen ripe fruits are pooled. Mean values and 95% confidence intervals are indicated for each measured wavelength
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Fig. 2. Ethanol and sugar content of pulp for unripe (green symbol), ripe (orange symbols) and over-ripe (red symbols) fruits of the Neotropical palm Astrocaryum standleyanum. The regression for ripe and over-ripe fruits is given by y = −0.40x + 7.65 (N = 40; R2 = 0.44; P < 0.0001)
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Fig. 3. Phylogeny and extent of frugivory for extant hominoid taxa. Extent of frugivory (%) refers to the proportion of fruit that contributes to total dietary intake. Taxonomic identifications as follows: Pongo, orangutans; Gorilla, gorillas; Pan, chimpanzees; hominins, human taxa subsequent to divergence from ape precursors. Branching dates are derived from Hacia (2001); Ma; mega-annum. Note that the most parsimonious reconstruction of hominin diets yields strong frugivory if an equivocal character state is initially assumed for these taxa



1From the symposium In Vino Veritas: The Comparative Biology of Alcohol Consumption presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 5–9 January 2004, at New Orelans, Louisiana.


2E-mail: wings@socrates.berkeley.edu
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