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SUMMARY

Environmental heterogeneity is thought to be an important process maintaining genetic
variation in populations [1-4]: if alternative alleles are favored in different environments, a
stable polymorphism can be maintained [1, 5, 6]. This situation has been hypothesized to
occur in genes encoding multi-substrate enzymes [7], in which changes that increase activity
with one substrate typically decrease activity with others [8-10], but examples of
polymorphisms maintained by this mechanism are rare. Here we show that a polymorphism
in an enzyme gene in Drosophila melanogaster is maintained by such a trade-off. The
mitochondrially-localized aldehyde dehydrogenase in D. melanogaster has two important
functions: detoxifying acetaldehyde derived from dietary ethanol [11], and detoxifying
larger aldehydes produced as byproducts of oxidative phosphorylation [12]. A derived
variant of the enzyme, Leu479Phe, is present in moderate frequencies in most temperate
populations, but is rare in more ethanol-averse tropical populations. Using purified
recombinant protein, we show that the Leu-Phe substitution increases turnover rate of
acetaldehyde but decreases turnover rate of larger aldehydes. Further, using transgenic fly
lines, we show that the substitution increases lifetime fitness on medium supplemented with
an ecologically relevant ethanol concentration, but decreases fitness on medium lacking
ethanol. The strong, opposing selection pressures, coupled with documented highly variable
ethanol concentrations in breeding sites of temperate populations, implicate an essential role
for environmental heterogeneity in maintaining the polymorphism.

RESULTS AND DISCUSSION

Aldehyde dehydrogenases are a family of enzymes that convert aldehydes to their
corresponding acids. The product of Drosophila Aldh, DmALDH, like its human orthologue
ALDH2 (with which it shares 70% sequence identity), is a mitochondrially-localized
enzyme essential for detoxifying acetaldehyde derived from the oxidation of dietary ethanol
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[11] (the ethanol to acetaldehyde conversion is carried out by a different enzyme, the well-
studied alcohol dehydrogenase). Because D. melanogaster breeds in fermenting fruits in
which ethanol concentrations often exceed 4% [13-15], this function of DmALDH is likely
to be important in natural populations. It is clear, however, that aldehyde dehydrogenases
did not evolve to detoxify ethanol, because their origin long predates the appearance of
flowering plants and fermentative yeasts [16, 17]. The major ancestral, and still important,
role of DmALDH and its orthologues in vertebrates appears to be detoxification of harmful
endogenous aldehydes generated by lipid peroxidation, a side-effect of aerobic respiration
within mitochondria [12, 18, 19]. The most damaging of these aldehydes are larger than the
two-carbon acetaldehyde, typically containing six or more carbons [20]. Because size is
known to be a major determinant of ALDH substrate specificity [16, 21], the optimal ALDH
for detoxifying acetaldehyde is not likely to be optimal for detoxifying lipid peroxidation
products.

In previous work, we identified a replacement SNP in Aldh, Leu479Phe, in which the
derived phenylalanine (henceforth, “Phe”) allele is present at modest, albeit variable,
frequencies (5-30%) in most temperate populations, but absent or rare (<5%) in tropical
populations [22] (see also Figure S1). Patterns of geographic variation in ethanol resistance
give evidence that temperate populations experience stronger selection for ethanol resistance
than tropical populations [23-27], possibly because they have higher preference for ethanol
in feeding and oviposition [28-30]. Thus, the higher frequency of the Phe allele in temperate
populations suggests that the allele may be beneficial in flies on high-ethanol diets, but
disadvantageous in the absence of ethanol. To test this hypothesis, we created replicate
transgenic lines (n = 3 per genotype) containing an insert of either a natural leucine (“Leu”)
allele, or the same allele in which the leucine codon had been mutated to phenylalanine, at
the same genomic location in an Aldh-null background (the inserts were on the third
chromosome, while Aldh is on the second chromosome). Leu lines were crossed to Phe lines
to establish populations with equal frequencies of the two alleles, which were maintained for
nine generations on either normal medium or medium supplemented with 6% ethanol, a
concentration within the range encountered by natural populations [13-15]. The frequency
of the Phe allele decreased in each replicate population on normal medium, whereas it
increased in each population on ethanol-supplemented medium (Figure 1). Assuming
intermediate dominance, the allele frequency changes indicate that Leu homozygotes have
26% (95% confidence interval: 13-43%) higher fitness than Phe homozygotes in the
absence of ethanol. In contrast, Phe homozygotes have 16% (2.8-36%) higher fitness than
Leu homozygotes in the presence of ethanol. Although the point estimates of selection
coefficients change somewhat if the favored allele is assumed to be partly dominant or
partly recessive, the lower bounds of the confidence intervals are little affected (Table 1).

The Leu and Phe lines showed no difference in Aldh expression (Figure S2), suggesting that
the fitness effects of the polymorphism result from differences in substrate specificity. To
test this hypothesis, we overexpressed the variants in vitro, purified the recombinant
enzymes, and measured turnover rates with saturating levels of a range of aldehydes (Figure
2A). The Phe variant detoxifies acetaldehyde significantly faster than the Leu variant, by
about 20%, consistent with its advantage on ethanol-supplemented medium (similarly,
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extracts of Phe line flies showed 20% higher ALDH activity with acetaldehyde as a
substrate than extracts of Leu line flies; Figure S3). With larger aldehydes, this difference is
strikingly reversed (Figure 2A, 2B). Particularly notable is the 2-3 fold faster detoxification
by the Leu variant than the Phe variant of trans-2-hexenal and trans-2-octenal (Figure 2B),
two known toxic products of lipid peroxidation [31].

To gain insight into the molecular basis of the differences in substrate specificity, we used
protein structure modeling software [32] to investigate the effect of the Leu-Phe substitution
on the diameter of the substrate entry channel (SEC), the intramolecular tunnel that guides
the substrate to the active site. A smaller SEC could facilitate binding of acetaldehyde to the
active site, while hindering access of larger aldehydes [16]. Indeed, compared to the
ancestral leucine at position 479, the bulky phenylalanine group protrudes into the SEC
(Figure 2C, D), reducing its volume by an estimated 15%. Although for technical reasons
[33] we did not attempt to estimate K, constriction of the SEC would be expected to have a
larger effect on K, than on our measure of enzyme activity [34], which is proportional to
keat- Hence, differences between the Leu and Phe variants in Kegi/Km, which is arguably a
more relevant measure of catalytic efficiency than ke alone, could be larger than reflected
in our estimates.

To test whether the Leu variant is more effective than the Phe variant at detoxifying lipid
peroxidation products in vivo, we compared the transgenic lines in resistance to hyperoxia, a
manipulation that increases ROS production, lipid peroxidation, and resulting damage to
mitochondrial proteins due to formation of adducts with aldehydes [12, 20, 35]. The Leu
lines survived significantly better than the Phe lines under this challenge (Figure 3; P =
0.048 one-tailed). Because lipid peroxidation products are continuously produced even
under normal conditions, this result gives evidence that the fitness disadvantage of the Phe
variant on normal medium is at least partly the result of its lower ability to detoxify these
aldehydes. Conversely, when challenged with acetaldehyde vapor, the Phe lines had
significantly higher survival than the Leu lines (Figure 3; P = 0.017 one-tailed). Apparently,
on ethanol-supplemented medium, this advantage of the Phe variant more than compensates
for its disadvantage in detoxifying lipid peroxidation products.

Studies of D. melanogaster in temperate regions show that ethanol is an important, but
highly variable, constituent of the species’ breeding sites [13-15]. In naturally fermenting
grapes and pears containing D. melanogaster larvae, ethanol concentrations averaged 2%,
but ranged up to 8%, more than high enough to result in selection for the Phe allele. (For
comparison, ethanol concentrations in the vials in our experimental populations, although
initially 6%, were likely to have declined to ~5% by the time eggs hatched, with further
declines throughout larval development [36]). In contrast, in other fruits used as breeding
sites by D. melanogaster, such as melons and tomatoes, mean ethanol concentrations were
only 0.1%, likely resulting in the Leu allele being favored.

In theoretical models, whether environmental heterogeneity can maintain a polymorphism
depends on the values of several parameters, including the carrying capacity of the different
habitats, the relative fitness values of the genotypes in each habitat, and the rate of migration
between habitats [6]. Because these parameters would be difficult or impossible to estimate

Curr Biol. Author manuscript; available in PMC 2017 January 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty and Fry

Page 4

in the wild for D. melanogaster, we cannot formally show that the conditions for the
maintenance of polymorphism by environmental heterogeneity are met. (As proof of
principle, however, we can show that it is possible for the fitness estimates in Table 1 with h
= 0.9 to result in a stable polymorphism; see Supplemental Experimental Procedures).
Nonetheless, the following considerations suggest that the Phe-Leu polymorphism is
maintained by selection, and that variation in ethanol levels among breeding sites plays an
important role in its maintenance. First, although the polymorphism is not ancient, neither is
it extremely young: using the length of ancestral haplotypes on chromosomes carrying the
Phe allele [37], we estimate its age as 19,390 (95% C.I.: 9,530-40,100) generations. Given
this amount of time and the strong selection pressures acting on the polymorphism (Table 1),
it is likely that the Phe allele would either have been fixed or eliminated unless a mechanism
existed to maintain the polymorphism. Second, the strong disadvantage of the Phe allele in
the absence of ethanol indicates that high ethanol levels in a subset of breeding sites is
critical for maintaining the allele in populations. Giving additional evidence that the
unusually “ethanolphilic” lifestyle of temperate D. melanogaster populations [15, 28, 38] is
critical to the maintenance of the Phe allele, among 21 Dipteran species for which genome
sequences are available, ranging from other Drosophila species to distantly related
mosquitoes, all have leucine at the homologous position. (Moreover, although only a single
reference genome is available for most of these species, 270 D. simulans sampled from the
wild were all homozygous for leucine; see Supplemental Experimental Procedures).

It is also possible that heterozygous advantage plays a role, in addition to environmental
heterogeneity, in the maintenance of the Phe-Leu polymorphism. In particular, because lipid
peroxidation products are generated irrespective of diet, having both the Leu and Phe alleles
might result in the highest fitness in flies feeding on ethanol. More work will be needed to
test this hypothesis. On the other hand, we see little reason to expect heterozygous
advantage in flies not feeding on ethanol, in which a copy of the Phe allele would
compromise ability to detoxify lipid peroxidation products, without providing a
compensating benefit.

The Phe-Leu polymorphism illustrates an adaptive constraint: the optimal protein structure
for one function is likely to differ from that for a different function [9, 39—-41]. One way
such a constraint can be overcome is by gene duplication [39, 41-43]. Indeed, the presence
of a polymorphism maintained by balancing selection has been hypothesized to favor
fixation of gene duplicates [44-46]. To determine whether Aldh duplicates might be
segregating in natural populations, we examined genome sequences of 171 temperate and
110 African strains; none showed evidence for Aldh copy number variation. Given the age
of the Phe allele, it is unclear why gene duplications have not occurred and risen to high
frequencies. For comparison, in a variety of pest insect species, duplicates of genes involved
in insecticide resistance have occurred and reached high frequencies in a matter of decades
[47, 48].

Although the hypothesis that polymorphisms causing shifts in substrate specificity can be
maintained by environmental heterogeneity was first proposed more than 40 years ago [7],
there appear to be few documented examples of such polymorphisms. The clearest case of
which we are aware occurs in the sheep blowfly, Lucilia cuprina (reviewed in [48]), in
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which a mutant carboxylesterase confers metabolic resistance to organophosphate
insecticides, at the expense of both the native carboxylesterase activity and (for unknown
reasons) overall fitness. In contrast to the Phe allele, however, the resistance allele has risen
to high frequency, aided in part by duplication events that have combined resistance and
susceptibility alleles on the same chromosome [47, 48]. Our work also differs in that the
selective agent favoring the novel allele, ethanol, is more natural and less novel than
insecticides.

Our results give direct experimental evidence that selection on a widespread single
nucleotide polymorphism is strong, and switches direction depending on the environment.
These results add to recent evidence from genome-wide surveys that loci under balancing
selection, broadly defined to include spatially- and temporally-varying selection, may be
more common than often supposed [49, 50]. For example, by analogy to our results, we
might expect variation in plant secondary chemistry to be able to maintain polymorphisms in
populations of phytophagous insects [51]. We suggest that experimental approaches such as
ours, which allow the phenotypic and fitness effects of a polymorphism to be measured
unconfounded by differences in genetic background, should be used to explore the possible
role of balancing selection in maintaining other polymorphisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Change in frequency of the Phe allele in experimental populations reared in the
absence or presence of ethanol

Populations started with equal frequencies of Leu and Phe transgenic alleles (dashed line),
and were genotyped after nine generations. Bars show +1 binomial standard error. See also
Figure S1.
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Figure 2. Kinetic and structural properties of purified ALDH variants
(A) Turnover rates (£ S.E.M.) with saturating levels of aldehydes of a range of molecular

weights (1 mM substrate). The difference between Leu and Phe variants is statistically
significant for each substrate (acetaldehyde, P < 0.01; butanal, P < 0.05; others, P < 0.001).
(B) Turnover rates with two damaging aldehydes generated in mitochondria by lipid
peroxidation (1 uM substrate). The difference between Leu and Phe variants is statistically
significant for each (P < 0.002). (C) Superposition of Phe479 (red) on Leu479 (blue) in
model structure of D. melanogaster ALDH. The catalytic residue, Cys322, is colored in
yellow. Distances between Cys322 and Phe479 or Leu479 sidechains are shown to
demonstrate the relative occupancy of the two sidechains within the substrate entry channel
(SEC). (D) The Leu479Phe substitution constricts the SEC proximal to the substrate binding
site, reducing the volume of the channel from 535A3 to 456A3. The inner ring (red)
represents the SEC diameter in ALDHPMe479 and the outer ring (blue and green) represents
the SEC diameter in ALDH€U479_See also Figures S2 and S3.
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Leu lines have significantly higher survival than Phe lines (P < 0.05) under hyperoxia, but
significantly lower survival (P < 0.02) in the presence of acetaldehyde vapor. P-values are

one-tailed.
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Table 1
Selection coefficients on Aldh replacement polymorphism estimated from allele frequency

changes in the experimental populations

Representing the favored allele by Ay, genotypes A1A1, A1A,, and A>A, are assumed to have relative fitness

values of 1, 'S 1+ hs), and €5 (~~ 1+ s), respectively. 95% confidence limits are given in parentheses.

h=01 h=05 h=0.9

sfavoring Leu on regular medium 0.19 (0.11, 0.28) 0.23(0.12, 0.36) 0.30 (0.14, 0.59)
sfavoring Phe on ethanol-supplemented medium  0.13 (0.028, 0.25)  0.15 (0.028, 0.31)  0.18 (0.029, 0.47)
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