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Abstract

In this narrative review, we present the hypothesis that key mutations in two genes, occurring 15 

and 10 million years ago, were individually and then collectively adaptive for ancestral humans 

during periods of starvation, but are maladaptive in modern civilization (i.e., “thrifty genes”), 

with the consequence that these genes not only increase our risk today for obesity, but also 

for alcoholism. Both mutations occurred when ancestral apes were experiencing loss of fruit 

availability during periods of profound climate change or environmental upheaval. The silencing 

of uricase (urate oxidase) activity 15 million years ago enhanced survival by increasing the ability 

for fructose present in dwindling fruit to be stored as fat, which was a consequence of enhanced 

uric acid production during fructose metabolism that stimulated lipogenesis and blocked fatty acid 

oxidation. Likewise, a mutation in class IV alcohol dehydrogenase (ADH4) ~10 million years 

ago resulted in a remarkable 40-fold increase in the capacity to oxidize ethanol, which allowed 

our ancestors to ingest fallen, fermenting fruit. In turn, the ethanol ingested could activate aldose 

reductase that stimulates the conversion of glucose to fructose, while uric acid produced during 

ethanol metabolism could further enhance fructose production and metabolism. By aiding survival, 

these mutations would have allowed our ancestors to generate more fat, primarily from fructose, to 

survive changing habitats due to the Middle Miocene disruption and also during the late-Miocene 

aridification of East Africa. Unfortunately, the enhanced ability to metabolize and utilize ethanol 
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may now be acting to increase our risk for alcoholism, which may be yet another consequence of 

once-adaptive thrifty genes.
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(ADH4)

Introduction

Nearly 60 years ago, the geneticist James Neel suggested that during periods of food 

shortage in our past, we may have acquired genes that improved our ability to store fat 

(i.e., thrifty genes), which would have aided survival at the time, but in today’s world 

may increase our risk for diabetes and obesity (Neel, 1962). Here, we suggest two genetic 

mutations in our past, causing a loss of uricase (urate oxidase) activity 15 million years ago 

(MYA) and a mutated class IV alcohol dehydrogenase (ADH4) having a 40-fold increase in 

the capacity for ethanol oxidation 10 MYA, may have acted as thrifty genes that not only 

increase our risk for obesity today, but that may also have a role in alcoholism.

The questions of when and how humans developed a preference for alcohol have historically 

become subjects of controversy. In the early 1950s, for example, American botanist 

Jonathan Sauer first challenged the longstanding assumption that bread was the impetus for 

agriculture by proposing that beer was instead the initial motivator (Braidwood et al., 1953). 

Recent archeological evidence suggests that beer was being made from wheat or barley as 

early as 13,000 years BP by the Natufian people prior to the introduction of agriculture (Liu 

et al., 2018), and possibly by others (based on evidence at a Neolithic temple sanctuary in 

Turkey) dating between 12,000 and 10,000 years BP (Dieterich et al., 2012). Wine and beer 

were also being made by early agricultural communities in Israel along the Black Sea, and 

in China, during the Neolithic period (McGovern et al., 2017, McGovern et al., 2004). This 

evidence supports the idea that a human preference for alcohol developed at least as early as 

the onset of agriculture, if not before it.

Additionally, alcohol may have been of evolutionary importance to our primate ancestors 

(Dudley, 2000). Ethanol from fermenting fruit, for example, would have provided both 

sensory cues and dietary calories (approximately 7 calories/g when assuming energy 

efficient metabolic pathways) (Pirola and Lieber, 1972) that could have aided our primarily 

frugivorous ancestors in routine foraging and during periods of food shortage (Dudley, 2000, 

Dudley, 2002, Dudley, 2004, Dudley, 2014, Dudley, 2020). However, most primates are 

limited as to how much ethanol they can ingest, given their metabolism. Multiple pathways 

are involved in metabolizing ethanol (Cederbaum, 2012), and many begin with one of 

several classes of alcohol dehydrogenase (ADH) that tend to metabolize different alcohols 

with varying affinities (Duester et al., 1999). For example, an ancestral version of ADH4 

in our human lineage was very efficient at metabolizing geraniol, an alcohol produced by 

plants as an antifeedant in leaves, but inefficient at metabolizing ethanol (Carrigan et al., 

2015). This changed around 10 MYA when the ancestor to humans and the African great 
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apes evolved a mutation in ADH4 that was able to oxidize ethanol 40-fold better than before 

(Carrigan et al., 2015).

This ADH4 mutation is consistent with exposure to fermented carbohydrates, and ethanol 

may have been consumed by our primate precursors since as early as the middle to late 

Miocene. Here, we will review this unique evolutionary period and present the hypothesis 

that our ability to metabolize ethanol enabled our ancestors to obtain necessary calories from 

scarce fruit supplies during times of climate change and environmental upheaval. We support 

this concept by considering an additional mutation in the metabolic enzyme uricase that 

occurred during the middle Miocene, and that is involved in fruit metabolism (Johnson et al., 

2020, Johnson and Andrews, 2015, Johnson and Andrews, 2010, Johnson et al., 2008). Both 

genes represent changes in gene activity rather than the acquisition of genes, as Neel initially 

hypothesized (Neel, 1962). However, as we have previously suggested, the uricase mutation 

acted as a thrifty gene by improving our ability to generate fat primarily from fructose 

(Johnson and Andrews, 2010). Here, we suggest the ADH4 mutation further improved our 

ability to store fat primarily from fructose.

To begin with, the ADH4 mutation allowed apes in our lineage to ingest and metabolize 

more ethanol (Carrigan et al., 2015). Importantly, it has been recently shown that ethanol 

stimulates the production of fructose in the liver by activating aldose reductase that 

stimulates the conversion of glucose to fructose (Wang et al., 2020), which would provide 

another source of fructose as fruit became less available. Uric acid is also generated during 

ethanol metabolism and can provide feedback to increase endogenous fructose production 

(Sánchez Lozada et al., 2019) and stimulate fructose metabolism (Lanaspa et al., 2012c). 

Fructose and ethanol are also known to induce similar craving behavior, and increasing 

evidence suggests ethanol and fructose are physiologically intertwined (i.e., fructose is 

“alcohol without the buzz”) (Lustig, 2013). Thus, we present the hypothesis that, in addition 

to increasing our risk for diabetes and obesity, as Neel first suggested, the mutations in 

uricase and ADH4 also increased our risk for alcoholism.

Search Strategy

For this narrative review, PubMed and Google Scholar were first searched for articles 

containing combinations of terms relating to alcohol or ethanol, and thrifty genes. PubMed 

and Google Scholar were then searched for articles containing combinations of terms 

relating to uricase/urate oxidase and ADH4. PubMed and Google Scholar were searched 

a third time for articles containing combinations of terms relating to alcohol/ethanol and 

fructose, including alcohol/ethanol and fructose with or without uric acid. Articles, and 

reference lists within articles, were evaluated for relevance to our topic, nonsystematically.

Results and Discussion

Based on our review of the literature, few studies consider whether thrifty genes may 

increase our risk for alcoholism (You and Arteel, 2019, Nunn et al., 2009, Ehlers and 

Wilhelmsen, 2007, Ferré and Foufelle, 2007). With the arguable exception of one study 

considered here (Carrigan et al., 2015), no study explicitly considers the role of thrifty genes 
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with respect to alcohol and the origins of our hominid ancestors. Here, to our knowledge 

for the first time, we consider together two mutations, occurring during the middle and late 

Miocene, in uricase and ADH4, respectively. These mutations would have individually and 

then collectively helped our hominoid and hominid ancestors survive by increasing their 

abilities to obtain necessary calories from scarce supplies of fruit, including fermenting fruit. 

Unfortunately, the enhanced ability for our ancestors to metabolize and utilize the ethanol in 

fermenting fruit millions of years ago may be increasing our risk for alcoholism today.

Climate Change Leads to an Environmental Crisis in the Middle Miocene

The early Miocene, i.e., 24–18 MYA, represented a golden age in primate evolution. 

Apes (Hominoidea) first appeared during this time in East Africa, having diverged from 

a common anthropoid ancestor with the cercopithecine monkeys while evolving larger 

bodies, greater cranial capacities, and the absence of tails. These early apes lived in trees 

in tropical rainforests on a diet consisting primarily of fruit, and rapidly diversified to at 

least 14 known genera by 17 MYA (Begun, 2003). Around this same time (19–17 MYA), 

sea levels fell in association with global cooling and allowed numerous species, including 

apes, to migrate out of Africa into Eurasia (Andrews and Kelley, 2007). The immigrant apes 

were able to continue subsisting on predominately fruit-based diets in subtropical woodland 

environments that existed in Eurasia at the time (Andrews, 2015).

Global cooling from the early-Miocene high led to a climatic crisis (i.e., the Middle Miocene 

disruption, from 15–12 MYA) that resulted in extinction of up to 30% of all mammals 

(Andrews, 2015). For the apes living in Africa, falling temperatures resulted in a contraction 

of their ranges, but the climate overall was still sufficiently warm and wet to sustain fruit 

production through the year. As a consequence, evolutionary pressures among the African 

apes were relatively minimal in the center of their range (Johnson and Andrews, 2010).

In contrast, the fall in temperature in western Eurasia (and particularly in Europe) was more 

severe, resulting in greater climatic seasonality and a change in habitat toward seasonal 

deciduous forests with open grasslands (Andrews, 2015). Fruit availability was reduced, 

especially during the cooler months (possibly from the loss of fig trees, which can fruit all 

year long) (Johnson and Andrews, 2015). Many dental remains of these apes show evidence 

for intermittent (likely seasonal) starvation, as noted by linear bands of enamel hypoplasia 

on the incisors (Kelley, 2008, Skinner et al., 1995). The consequence was a retreat of 

different ape species to various refugia, followed by the eventual extinction of the apes in 

western Eurasia by about 8 MYA (Agusti et al., 2003). However, fossil evidence suggests 

that, while some ape taxa may have moved to Southeast Asia and evolved into the orangutan 

lineage, others may have emigrated from Eurasia back to Africa as predecessors of gorillas, 

chimpanzees, and humans (thus the “Back-to-Africa” hypothesis) (Andrews and Kelley, 

2007, Begun, 2000). One potential candidate for the return to Africa is Kenyapithecus 
kizili, for which (and despite the generic name) the earliest fossil evidence is from Turkey, 

followed by an appearance in Africa two million years later (Kelley, 2008, Kelley et al., 

2008, McCrossin and Benefit, 1997).
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How Mutations in Fructose and Alcohol Metabolism May Have Aided Hominoid and 
Hominid Survival in the Middle Miocene Disruption and Late-Miocene Aridification of East 
Africa

The changing environment in western Eurasia was more severe than in Africa for hominoid 

apes during the middle Miocene. Changing forests and open grasslands affected fruit 

availability, especially during the cooler months of the year. As fruits became less available, 

the apes had to spend more time on the forest floor, where they knuckle-walked to find fallen 

fruit as well as other food sources such as tubers and roots (i.e., fallback foods) (Marshall 

and Wrangham, 2007). This may have led to changes in dentition observed during this 

period, possibly to accommodate harder foods (Andrews, 1990, King et al., 1999, Ersoy et 

al., 2008). Consistent with the fossil evidence, there were also multiple genetic mutations 

during the middle Miocene (Samonte and Eichler, 2002).

First Mutation: Uricase—One relevant mutation was in the uricase gene, which controls 

an enzyme that regulates serum and intracellular uric acid levels (Oda et al., 2002, Kratzer 

et al., 2014). The loss of a functioning version of this enzyme in our lineage began in the 

Oligocene as a series of mutations that affected the promoter, until the gene was completely 

silenced into a pseudogene around 15–12 MYA (Kratzer et al., 2014). The mutation affected 

the common ancestor of humans and all great apes (including the orangutan), whereas a 

similar mutation knocked out uricase in the ancestors of lesser apes (Oda et al., 2002). The 

effect of the uricase mutation was to double serum uric acid levels in apes, relative to other 

mammals, from 1 to 2 mg/dL to approximately 3 to 4 mg/dL (Johnson et al., 2005). Indeed, 

studies of Yanomami hunter-horticulturalists living on a native diet of plantains, other fruits, 

and wild game show serum uric acid levels around 3 mg/dL, similar to what is observed in 

great apes (Johnson et al., 2005). However, the loss of uricase has made it more difficult 

to control serum uric acid levels in modern civilizations. In particular, the Western diet is 

high in purines, sugar, and alcohol, all three of which can raise serum uric acid (Johnson 

et al., 2005). As such, serum uric acid levels are currently much higher in industrialized 

populations, in the 4 to 6 mg/dL range, with more than 20 million people showing serum 

uric acid levels of 7 mg/dL (Chen-Xu et al., 2019).

The observation that uricase mutations occurred in both the human/great ape and lesser ape 

lineages suggested that the loss of uricase must have provided an evolutionary advantage. 

While various hypotheses have been proposed (Orowan, 1955, Ames et al., 1981), recent 

studies suggest that knocking out the uricase gene may have enhanced metabolic capacity 

of the apes in response to decreasing fruit availability. A major nutrient in fruit is fructose, 

which is distinct from most nutrients in that it triggers an adenine nucleotide turnover 

reaction that leads to the generation of uric acid. Specifically, the rapid consumption 

of adenosine triphosphate (ATP) in the first step of fructose metabolism leads to local 

phosphate depletion, which causes the rapid removal of adenosine monophosphate (AMP) 

to generate uric acid (Figure 1) (Van den Berghe, 1986, Maenpaa et al., 1968). The removal 

of AMP causes persistent local ATP depletion that is amplified by uric acid, which causes 

mitochondrial oxidative stress and inhibition of AMP-activated protein kinase, both which 

would act to reduce the ability to replenish intracellular ATP levels (Lanaspa et al., 2012a, 

Lanaspa et al., 2012b, Cicerchi et al., 2014). Consequences of the adenine nucleotide 
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turnover and mitochondrial oxidative stress induced by fructose include the stimulation 

of lipogenesis (Lanaspa et al., 2012b, Softic et al., 2018), an impairment in fat oxidation 

(Lanaspa et al., 2012c, Softic et al., 2019), and the development of insulin resistance (Softic 

et al., 2018, Softic et al., 2019).

Inhibition of uricase results in an amplification of this uric acid response (Stavric et al., 

1976), which heightens the ability of fructose to induce metabolic syndrome, for example, 

in the uricase-inhibited rat (Tapia et al., 2013). We also resurrected the original uricase 

gene to study its function in human liver cells and found that, while there was still an 

increase in fat in response to fructose, the amount of fat was doubled by the same amount 

of fructose in the gene’s absence (Kratzer et al., 2014). Absence of the ancestral uricase 

gene also resulted in enhanced gluconeogenesis and insulin resistance (Cicerchi et al., 

2014) that likely provided a survival advantage by preferentially shunting glucose away 

from insulin-dependent muscles to the brain, as most regions of the brain do not require 

insulin for glucose uptake (Sprengell et al., 2021, Gray et al., 2014, Seaquist et al., 2001, 

Hasselbalch et al., 1999).

These studies suggest that the uricase mutation likely provided a survival advantage by 

allowing ancestral hominoids to make the most fat possible from declining available fruits. 

However, these particular ancestors would have also been constrained in their digestion 

of fermenting fruits, given the presence of ADH forms that were relatively inefficient at 

metabolizing ethanol.

Second Mutation: ADH4—When fruit ripens, intense ecological competition begins 

for the accessible simple sugars within the pulp. This is true, of course, for the animals 

that primarily eat fruit (including many primates) and fulfill the evolutionary objective of 

seed dispersal for the plant. It is also true for microbes, among which yeasts—especially 

Saccharomyces cerevisiae and its close relatives—are the dominant group (Dashko et al., 

2014, Piskur et al., 2006).

At least three lineages of yeasts—including the Saccharomyces cerevisiae lineage—appear 

to have independently evolved strong reductions in their oxidative respiratory capacities (i.e., 

the Crabtree effect), resulting in the fermentation of pyruvate to ethanol even in the presence 

of oxygen (Hagman et al., 2013, Rhind et al., 2011, Rozpędowska et al., 2011, Piskur et 

al., 2006, Ihmels et al., 2005). These lineages also evolved greater tolerances to ethanol 

than other microbes (Casey and Ingledew, 1986, Ingram and Buttke, 1985). This outcome 

created an evolutionary advantage by which these yeasts can quickly convert sugars into 

ethanol to kill off their bacterial competition (Ingram and Buttke, 1985). When the sugars 

begin to run out, some of the yeasts are also able to convert the ethanol into energy (Pfeiffer 

and Morley, 2014, Dashko et al., 2014, Rozpędowska et al., 2011, Thomson et al., 2005, 

de Jong-Gubbels et al., 1996). The Saccharomyces yeasts, for example, evolved their ability 

to consume ethanol via a duplication of ADH that took place during the Cretaceous period 

when fleshy fruits arose (Thomson et al., 2005), as did the fermentative capacity of the 

Saccharomyces yeasts (Benner et al., 2002).
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Concurrently in the Cretaceous, the first primates evolved (Steiper and Young, 2006). As 

with the yeasts, primates appear to have coevolved with the angiosperms that produce 

fleshy fruits (Sussman et al., 2013, Tiffney, 1984), and fruit consumption may have been 

an underpinning to the evolution of larger primate brains (DeCasien et al., 2017). However, 

primates mostly eat ripe fruits in trees, whereas fruits with the highest populations of yeasts 

and other microbes are mostly the overripe and usually damaged fruits on the ground 

(Carrigan et al., 2015, Dudley, 2004). There are still very few measurements of ethanol in 

the wild, but the Astrocaryum standleyanum palm in the lowland Panamanian rainforest, for 

example, exhibits pulp-ethanol concentrations of 0.6% for ripe fruit hanging in trees, 0.9% 

for ripe fallen fruits, and 4.5% for overripe fallen fruits (the highest was 8.1% in an overripe 

fallen fruit) (Dudley, 2004, Dudley, 2002).

For our primate ancestors residing mostly in the trees, the higher amounts of ethanol 

in fallen fruits would have rarely been encountered, and alcohol-metabolizing enzymes 

like ADH would have therefore been more useful for breaking down antifeedant alcohols 

produced by the plants themselves (Carrigan et al., 2015). As long as those enzymes were 

also inefficient at metabolizing ethanol, our ancestors would probably have needed to avoid 

overly alcoholic foods. Indeed, at least some frugivores (including primates in Southeast 

Asia lacking the ADH4 mutation of humans and the African great apes) tend to avoid 

fruits higher in ethanol (Dominy, 2004, Sánchez et al., 2004). Others, including at least one 

other primate (the aye-aye) that independently evolved the same ADH4 mutation, prefer 

to consume higher ethanol concentrations (Gochman et al., 2016). Another primate (the 

slow loris) and a closely related non-primate mammal (the pentailed treeshrew) have been 

observed regularly consuming large quantities of fermenting palm nectar while showing 

no signs of intoxication (in the case of the pentailed treeshrew, which consumed the most 

ethanol, it also produced alcoholic-level quantities of a secondary ethanol metabolite, ethyl 

glucuronide) (Wiens et al., 2008). Even our closest primate relatives, the chimpanzees, have 

been known to use leaves as cups to steal intentionally fermented palm sap from neighboring 

humans (Hockings et al., 2015). As for the fruit-eating common ancestors we share with the 

chimpanzees and gorillas, their ability to break down ethanol would have been most useful 

when consuming fallen fruit that has been fermenting for a longer time.

If the ancestors of gorillas, chimpanzees, and humans did indeed return to Africa from 

Eurasia, they would have passed through an East Africa much different from that at the end 

of the early Miocene (Figure 2) (Andrews, 2015). During the middle Miocene, East Africa 

began experiencing climatic change distinct from the rest of Africa due to volcanic activity 

along the East African Rift. Uplift, mountains, and large lakes along the rift contributed 

to gradual aridification. This caused a progressive increase in deciduous woodland habitats 

and bushland throughout East Africa during the middle to late Miocene, ultimately resulting 

in a savanna-dominated habitat within which our hominid ancestors evolved (Andrews, 

2015, Begun, 2003, Johnson and Andrews, 2010). About 10 MYA, East Africa would 

have been in the middle of this transition (Johnson and Andrews, 2010, Carrigan et al., 

2015). The common ancestor of African apes and humans would have experienced ever­

increasing seasonality, in the process becoming less arboreal with greater access to fallen 

and fermenting fruit on the woodland floor (Carrigan et al., 2015, Andrews, 2015).
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It was at this time, around 10 MYA, that the mutation in ADH4 likely occurred, thereby 

increasing the capacity for ethanol oxidation 40-fold (Carrigan et al., 2015). Using a 

maximum-likelihood analysis, Carrigan et al. inferred the amino acid sequence of nine 

ancestral ADH4 enzymes, and then synthesized and examined each of them for their 

kinetic properties (Carrigan et al., 2015). The group found a single amino acid replacement 

(A294V) in the ADH4 of the last common ancestor of humans, chimpanzees, and gorillas, 

which dramatically increased catalytic activity toward ethanol (Carrigan et al., 2015). The 

increase is due primarily to a drop in the Michaelis–Menten constant for ethanol, from 

values exceeding 1,000 mM in all previous ancestral versions of ADH4, down to 43 mM 

(± 5.8 mM) in the version that mutated 10 MYA (Carrigan et al., 2015). The mutated 

ADH4 remains the predominant ADH4 in modern humans and gorillas, and is one of 

two common polymorphisms in chimpanzees (Carrigan et al., 2015). Unlike the uricase 

mutation, the ADH4 mutation is not carried by orangutans (Carrigan et al., 2015), which 

means it occurred after orangutans split from the other great apes, and possibly following a 

return to Africa.

The presence of the ADH4 mutation would have provided a survival advantage as it would 

have enhanced the ability of our hominid ancestors to benefit from fermenting fruit, thus 

improving foraging capacity and further selecting for terrestriality (Carrigan et al., 2015). 

In addition to effectively increasing our tolerance for the ethanol in fermenting fruit, 

however, we suggest that the mutated ADH4 would have further improved our ability to 

generate fat from fructose, both from the fructose in the fermenting fruit, and also, for 

example, from the endogenous fructose generated because of ethanol. As mentioned, it 

has recently been shown that ethanol stimulates the production of fructose in the liver by 

activating aldose reductase that stimulates the conversion of glucose to fructose, which 

would have led to increased fat production from fructose (Wang et al., 2020). Uric acid is 

also generated during ethanol metabolism (Yamamoto et al., 2005) and can provide feedback 

to increase endogenous fructose production (Sánchez Lozada et al., 2019) and stimulate 

fructose metabolism (Lanaspa et al., 2012c), causing even more fat generation. Finally, in 

addition to having similar metabolic effects, ethanol and fructose are known to similarly 

induce craving behavior (i.e., fructose is “alcohol without the buzz”) (Lustig, 2013). Ethanol 

and fructose are thus physiologically intertwined.

Conclusions and Future Directions

Uricase and ADH4 mutations may have been targets of selection for human ancestors that 

aided survival via improved metabolic capacity during times of profound climate change 

or environmental upheaval. Unfortunately, the enhanced ability to metabolize and utilize 

fructose and ethanol may now be acting to increase our risk for excessive consumption. 

Today, we no longer primarily consume the fructose or ethanol in wild fruits. Fructose 

is also present, for example, in table sugar (in the dimer form of sucrose), high-fructose 

corn syrup, and other added sugars, the intake of which has historically soared, resulting 

in increased risk for diseases like obesity and diabetes (Johnson et al., 2017). As for 

ethanol, the development of the ADH4 mutation has allowed many humans to consume 

large quantities of the ethanol in alcoholic beverages, with all of its varied consequences, 

including those involving fructose.
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We recommend that future research test the roles of fructose and urate metabolism in 

alcohol-induced behavior and fat metabolism. We also recommend researching similar 

mutations that may have occurred in other enzymes involved in ethanol metabolism, 

including other classes of ADH enzymes, cytochrome P450 2E1 (CYP2E1) of the 

microsomal ethanol oxidizing system (MEOS), catalase, and the aldehyde dehydrogenase 

enzymes that break down the first oxidation product of ethanol metabolism, acetaldehyde 

(Teschke, 2019, Peana et al., 2017, Cederbaum, 2012).

In conclusion, we suggest ethanol is physiologically intertwined with fructose, a major 

nutrient from our frugivorous past that, along with ethanol, is causing addictive problems 

for many humans today. Thus, alcoholism may reflect yet another contemporary and adverse 

consequence of once-adaptive selection on thrifty genes.
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Figure 1. Fructose Metabolism Generates Uric Acid.
The rapid consumption of ATP in the first step of fructose metabolism leads to local 

phosphate depletion, which then causes rapid removal of AMP to generate uric acid.
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Figure 2. Apes Evolve Mutated Uricase and ADH4 Genes During the Miocene.
All the extant great apes (orangutans, gorillas, chimpanzees, and humans) exhibit the uricase 

mutation, which would have been advantageous during the Middle Miocene disruption in 

Europe. Only the African apes (gorillas, chimpanzees, and humans) also have the ADH4 

mutation, which would have secondarily been useful during the late-Miocene aridification of 

East Africa.
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