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ABSTRACT

While there is abundant theoretical work on the evolution of phenotype plasticity, empirical support has lagged. One model for 

the evolution of phenotype plasticity is by genetic accommodation. Under this model of evolution, when a population encounters 

a new environment there are widely variable responses among different genotypes, which are then pruned by selection into a 

single adaptive response. Because of the requirement to replicate genotypes, testing this prediction requires inbred lines as well 

as populations that are both adapted and not adapted to a resource. We previously demonstrated that D. melanogaster adapted 

to ethanol through genetic accommodation using D. simulans as an ancestral proxy lineage. However, we wondered how gener-

alizable these results were. Here, we used a new population of D. melanogaster from France and an ancestral range population 

from Zambia and measured behavioral tolerance to ethanol exposure in multiple genotypes from each population, as well as 

genome-wide gene expression and alternative splicing in response to ethanol using RNA sequencing. We found that the Zambian 

D. melanogaster have lower tolerance to ethanol than the French D. melanogaster, with the Zambian flies becoming sedated 

while the French flies remain active under the same exposure. At the transcriptional level, Zambian genotypes showed extensive 

genotype-specific changes in gene expression and splicing in response to ethanol exposure, while the French genotypes showed 

relatively modest and fewer genotype-specific changes, consistent with having a more uniform, population response. We also 

found that gene expression and splicing appear to evolve independently of one another and that the splicing response to ethanol 

is largely distinct between populations. Thus, we have independently replicated evidence for evolution by genetic accommoda-

tion in D. melanogaster, suggesting that the evolution of plasticity may be an important contributor to the ability to exploit novel 

resources.

1   |   Introduction

The adaptive evolution of phenotype plasticity is theoretically pre-
dicted to occur through the process of genetic accommodation (Sun 
et al. 2019; Schlichting and Wund 2014; Jones and Robinson 2018; 
Lande 2014, 2015; Via and Lande 1985). Genetic accommodation 
proceeds through several stages, the first of which is a popula-
tion encountering a new environment. Given that they are not 
adapted to that environment, there will be considerable variation 
between individuals in how they respond to the environment 

(Figure  1) (Schlichting and Wund  2014; West-Eberhard  2005; 
Ghalambor et al. 2007; Robinson 2013; Morris et al. 2014; Signor 
and Nuzhdin 2019). At this stage, the set of plastic responses in the 
population has not been selected on; thus, they may be adaptive, 
deleterious, or neutral (Schlichting  2008; Gibson  2009; Hayden 
et al. 2011; Paaby and Rockman 2014). Adaptation to the novel en-
vironment will entail pruning of the plastic responses in the popu-
lation to a single response that maximizes fitness (Baldwin 1896). 
However, it must also be adaptive to retain a plastic response 
rather than a fixed change (Via and Lande  1985; Guntrip and 
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Sibly 1998; Lande 2009; Matzkin 2012; Huang et al. 2016). This 
process is theoretically sound but has little empirical support (Via 
and Lande 1985; Lande 2009; Chevin and Lande 2015).

One example where genetic accommodation was empirically 
demonstrated comes from Drosophila, where adaptation to etha-
nol in D. simulans and D. melanogaster met the expectations for ge-
netic accommodation (Signor and Nuzhdin 2019). Cosmopolitan 
populations of D. melanogaster are tolerant of ethanol and are 
found feeding and ovipositing on resources with ethanol concen-
trations greater than 8% (McKenzie and McKechnie 1979; Gibson 
et al. 1981). Low tolerance to ethanol is the “ancestral state,” as 
most drosophilids are not tolerant to ethanol, and as such D. sim-

ulans avoids ethanol-rich substrates (Merçot et al. 1994; Parsons 
and King 1977). Signor (Signor 2020) showed that four guidelines 
for establishing that the evolution of plasticity by genetic accom-
modation were met in this species pair (Levis and Pfennig 2016; 
Jones and Robinson 2018). First, the focal trait must be environ-
mentally induced (ethanol) in a derived lineage (D. melanogaster, 
Winters, CA) and an ancestral-proxy lineage (D. simulans, Zuma 
Beach, CA). Second, cryptic genetic variation must be uncovered 

when the ancestral proxy lineage is exposed to the derived envi-
ronment—we found that in D. simulans each genotype interacted 
very differently to ethanol compared with D. melanogaster, where 
each genotype responded the same. This also relates to the third 
and fourth requirement, that the trait must show evidence of evolu-
tionary change in the derived lineage and that the focal trait must 
exhibit evidence of adaptive refinement in the derived lineage. In 
summary, D. simulans exhibited extensive variation between gen-
otypes in the plastic response to ethanol, evidence that cryptic ge-
netic variation had not been removed by selection. Cosmopolitan 
D. melanogaster had a single plastic response to ethanol, evidence 
that selection has removed differences between genotypes.

Although this was strong evidence of evolution by genetic accom-
modation, and D. simulans does show the ancestral trait of low 
ethanol tolerance, we wondered how generalizable these results 
were and if we would find the same evidence if we compared a 
different population of cosmopolitan D. melanogaster (France) 
to African D. melanogaster (Zambia). African D. melanogaster in 
more remote locations (i.e., they do not show evidence of cosmo-
politan admixture) still show the ancestral trait of low ethanol 

FIGURE 1    |    (A) An illustration of the predictions for phenotypic plasticity and the previously observed pattern in D. melanogaster and D. simu-

lans. Each line represents a different genotype for a single trait, for example a gene whose expression changes in response to ethanol. If the species 

is not adapted to ethanol (D. simulans) you would expect to see that different genotypes respond differently, that is, genotype by environment inter-

actions. This is what we found in D. simulans. If the species is adapted to ethanol, you would expect each genotype to respond the same way (right). 

This is what we found in cosmopolitan D. melanogaster from California. What we are testing here is whether this prediction holds true between cos-

mopolitan D. melanogaster (France) and those from the native range of D. melanogaster (Zambia) who are not adapted to ethanol. (B) An illustration 

of the environment that each Drosophila male was exposed to during the experiment. Each chamber contained 24 male flies and several females. The 

males were collected and flash frozen after 30 min. After flash freezing, their heads were isolated for RNA-seq. This was done for three genotypes 

each of Zambian D. melanogaster and French D. melanogaster. (C) An example of the behavioral setup used to confirm that the two populations of 

D. melanogaster have different responses to ethanol. Every minute for 20 min, the number of flies who crossed the midline of the plate were record-

ed. The substrate contains 15% ethanol. (D) The proportion of flies that were not sedated and able to cross the midline of the plate was significantly 

higher in French populations of D. melanogaster.
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tolerance (Sprengelmeyer et  al.  2019). Demographic models 
suggest that D. melanogaster began its expansion out of Africa 
10,000 years ago and colonized Europe approximately 2000 years 
ago (Sprengelmeyer and Pool 2021; Sprengelmeyer 2021). Thus, 
this represents a recently evolved difference between these pop-
ulations. If we found the same evidence—namely, genotype spe-
cific plasticity in African D. melanogaster—between these more 
recently separated populations, this would be additional solid 
evidence for evolution by genetic accommodation.

To demonstrate this, we compare an ancestral-range population 
from Zambia, which retains low tolerance, to a derived cosmo-
politan population from France, which has experienced extensive 
exposure to ethanol-rich human environments. First, we measure 
behavioral tolerance to ethanol exposure in multiple genotypes 
from each population, predicting that the French genotype will 
exhibit higher tolerance to ethanol than the Zambian genotypes. 
We then used RNA sequencing to quantify gene and transcript 
level differential expression between ethanol-exposed and non-
ethanol-exposed D. melanogaster from the France and Zambia 
populations and focused our analyses on the interaction between 
genotype and ethanol treatment to test whether genotypes from 
the Zambian population show more transcriptional response than 
genotypes from the French population. We used three genotypes 
with three replicates from each location to estimate the contri-
bution of genotype to the response to ethanol treatment. Finally, 
we investigated ethanol-induced splicing in the same genotypes 
to determine whether splicing could be implicated in the regula-
tion of this plasticity. If ethanol resistance evolved via genetic ac-
commodation, we expect ancestral Zambian genotypes to show 
greater genotype-specific plasticity, while the French population 
should show more uniform, typical population response. What we 
found was that this system supports our conclusion of evolution 
by genetic accommodation. Both populations have approximately 
the same response to treatment overall; however, in the Zambian 
population, each genotype responds differently to ethanol. In the 
French population, there is not a large contribution of genotype to 
the response to ethanol, suggesting that the plastic response has 
been pruned by selection. Furthermore, the genes that contribute 
to the response to treatment are consistent with our previous work 
on this system (Signor and Nuzhdin  2019). This is independent 
replication, using a more accurate ancestral proxy lineage, that fits 
the model of evolution by genetic accommodation. Replication of 
many studies is difficult, much less a system such as genetic ac-
commodation which is quite difficult to demonstrate experimen-
tally. Genetic accommodation has remained largely theoretical up 
until now, and we have demonstrated, with replication, its evolu-
tion in Drosophila. This is strong additional evidence for the im-
portance of genetic accommodation in the evolution of plasticity.

2   |   Methods

2.1   |   Fly Strains

To compare the ethanol responses between the ancestral-range 
and derived population of D. melanogaster, we used three wild de-
rived genotypes from Zambia (ZI274N, ZI31N, ZI418N) and three 
from France (FR109, FR112N, FR113N). These fly strains were 
generously provided by John Pool (UW-Madison) and originated 
either from France or Zambia (Lack et al. 2016a; Pool et al. 2012). 

The samples from Zambia were previously confirmed to be the 
most diverse among all the globally sampled strains, with minimal 
non-African admixture, suggesting they come from the ancestral 
range of D. melanogaster (Pool et al. 2012; Lack et al. 2016b). The 
French lines originated from a cosmopolitan European population 
that has experienced long-term association with human, ethanol-
rich environment (Lack et al. 2016a).

All six genotypes are wild-derived laboratory stocks that have 
undergone inbreeding and are therefore substantially, though 
not perfectly homozygous. Using these inbreeds allowed us to 
minimize within-genotype variation and thus increase our abil-
ity to detect genotype by ethanol interaction and consistent pop-
ulation level differences. We note that natural populations are 
outbred and thus typically are more heterozygous.

2.2   |   Fly Collection

To minimize variation due to non-focal effects, all collection 
populations were set up with 10 one-day-old individuals of each 
sex from each genotype. The flies were reared on a standard 
Bloomington cornmeal medium at 25°C with a 12-h light/12-h 
dark cycle. After eight to nine days, the vials were cleared and 
males were collected for ethanol exposure assays and RNA-seq. 
For each genotype, we collected 30 mated males within a three-
day window (3–5 days) and used these flies for both behavioral 
assays and transcriptomic profiling. Each of the three replicates 
per genotype (per treatment) was derived from an independent 
rearing, so that each vial is made up of a separate biological rep-
licate and pseudo-replication is avoided.

2.3   |   Experimental Setup

The flies were sedated through exposure to cold for 20 min and 
placed in petri dish lids with a paintbrush. Each petri dish con-
tained 5 mL of standard grapefruit fly media or media in which 
15% of the water had been replaced by ethanol. They were al-
lowed to acclimate for 10 min prior to timing the 30-min exposure 
(Figure 1A,B). This acclimation period is standard for behavioral 
assays, as it is long enough for the initial startle response to eth-
anol to have concluded; however, here it was included to stan-
dardize data with past observations (Jones and Robinson  2018; 
Lande  2014, 2015; Via and Lande  1985; West-Eberhard  2005; 
Ghalambor et al. 2007). The assays were conducted within a 2 h 
window after dawn, the period in which the flies are most active 
(Robinson  2013; Morris et  al.  2014; Signor and Nuzhdin  2019). 
Replicates were conducted randomly across days under standard-
ized conditions (25°C, 70% humidity). At the conclusion of the 
assay, the flies were flash frozen in liquid nitrogen. Frozen nested 
sieves were used to separate their bodies from their heads, limbs, 
and wings. Heads were collected for sequencing.

2.4   |   Behavioral Assays

Differences in the response to ethanol have been previously 
observed in African and cosmopolitan D. melanogaster (Fry 
et  al.  2008; Merçot et  al.  1994; Fry et  al.  2004; David and 
Kitagawa 1982). However, it was not demonstrated in the exact 
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lines used here; therefore, we confirmed that African populations 
had a lower tolerance for ethanol. We performed three replicates 
of each of the six genotypes used in this study (Figure 1). A lower 
tolerance for ethanol would be indicated by a quicker progres-
sion through the euphoric stage of alcohol exposure to sedation 
(Via and Lande 1985; Baldwin 1896). The assays were conducted 
within a 2-h window after dawn, to standardize for the effect of 
circadian rhythms. Replicates were conducted randomly under 
standardized conditions (25°C, 70% humidity). Approximately 
30 male flies from a single genotype were sedated in a refrigera-
tor for 10 min and then placed in a petri dish with 5 mL of grape-
fruit media in which 15% of the water had been replaced with 
ethanol (Figure 1B). The petri dish was bisected by a black line, 
and every minute the flies were observed for 10 s (Figure 1C). 
The number of flies that crossed the black line was recorded as a 
proxy for activity level, indicating that the flies were not sedated 
if they crossed the black line. This was done for 10 min. Please 
note that a behavioral analysis of this exposure to ethanol has 
been published and shows evidence of intoxication as well as 
genotype-specific differences in the behavioral response to etha-
nol (Signor and Nuzhdin 2019; David and Kitagawa 1982; Signor 
et al. 2017a; Signor and Nuzhdin 2018; Signor et al. 2017b).

2.5   |   RNA Sequencing

To quantify population and genotype differences in gene expres-
sion responses to ethanol, RNA was extracted from the heads 
of 30 male flies using the NucleoZol one phase RNA purifica-
tion kit (Macherey-Nagel). For each population, we generated 
three biological replicates, each corresponding to an indepen-
dent rearing vial (three replicates per population by genotypes 
by treatment) and this design was identical for both popula-
tions. Library preparation and sequencing were performed by 
BGI (Wuhan, China). The libraries were barcoded and pooled, 
and 2 million reads were generated per library on the illumina 
NextSeq. The data were demultiplexed prior to delivery.

2.6   |   Differential Expression Analysis

Adapters were trimmed and low-quality reads in the raw fastq files 
were discarded using fastp (Chen et al. 2018). The abundances of 
the transcripts were quantified against the D. melanogaster refer-
ence transcriptome v.6.49 from Flybase using salmon v1.3.0 (Patro 
et al. 2017). The transcript level quantification was imported into R 
and summarized to gene-level counts with tximport, using the D. 

melanogaster v6.49 GTF file and the GenomicFeatures R package 
(Soneson et al. 2016; Lawrence et al. 2013).

To determine how ethanol exposure alters gene expression 
within and between populations, and to test whether genotypes 
from the ancestral-range population show more genotype-
specific transcriptional responses than genotypes from derived 
population, we performed differential expression analyses using 
DESeq2 (Love et  al.  2014). This allowed us to model the read 
count for each gene using a negative binomial generalized lin-
ear model. Specifically, when we built our model for the DESeq2 
step, we included terms for population (France vs. Zambia), gen-
otype (the six inbred lines), ethanol treatment (ethanol treated 
samples vs. non-ethanol treated samples) and the ethanol × 

genotype interaction. These terms allowed us to ask if ethanol 
exposure alone has any effect on gene expression, whether geno-
types differ in their average expression and finally, if genotypes 
differ in the way they respond to ethanol (ethanol × genotype). 
Hence, we focus our differential gene expression analyses on the 
interaction term when discussing genotype-specific transcrip-
tional response to ethanol, unless otherwise stated.

For each term of interest, we obtain p-values which were ad-
justed for multiple testing with Benjamini-Hochberg correction 
(Benjamini and Hochberg 1995; Love et al. 2014) to control the 
false discovery rate. Genes with an adjusted p-value ≤ 0.05 were 
considered differentially expressed. The results of the differen-
tial expression analysis were visualized to identify significant 
genes. However, for analyses of “core component of the response 
to ethanol,” we defined core expression genes as those that were 
significantly differentially expressed for the ethanol × genotype 
interaction term in both populations.

2.7   |   Alternative Splicing Analysis

To determine whether ethanol exposure induces population-
specific changes in alternative splicing, and whether splicing 
response parallels or is different from changes in overall gene 
expression, we quantified ethanol induced splicing events sepa-
rately in the French and Zambian population.

We mapped the reads were mapped to the D. melanogaster v.6.49 
genome with STAR aligner v.2.7.10a (Dobin et al. 2013). Then 
we quantify alternative splicing events using rMATs (turbo) (v. 
4.1.2) (Shen et al. 2014; Park et al. 2013; Shen et al. 2012) and the 
D. melanogaster annotation file v. 6.49 from Flybase (Gramates 
et al. 2022). We did not allow unannotated splice sites and con-
sidered four classes of events, which are alternative 5′ splice sites 
(A5SS), skipped exons (SE), retained introns (RI), and alterna-
tive 3′ splice sites (A3SS) for downstream analyses. For each 
population, rMATS compared ethanol treated and non-ethanol 
treated samples to identify events with significant changes in 
the percent spliced-in (PSI) upon ethanol exposure. We limited 
our analysis to events with FDR < 0.05 and ΔPSI > 0.2. In addi-
tion, splice detection analysis does not include interaction terms, 
therefore this analysis was limited to the effect of ethanol in each 
population. Then, we defined core splicing events as those that 
were significantly affected by ethanol in both populations and 
occurred in the same gene and event class. Finally, We collapsed 
the splicing events to gene level and compared those genes with 
the significantly differentially expressed genes to identify genes 
that are implicated in splicing. The scripts used for these analy-
ses can be found here: https://​github.​com/​gsarf​o-​boate​ng/​Evolu​
tiono​fPlas​ticit​yinRe​spons​etoEt​hanol​.

3   |   Results

3.1   |   Behavioral Assays

To quantify differences in ethanol tolerance between 
ancestral-range and derived population, we performed behav-
ioral assays of acute ethanol exposure in multiple genotypes 
from each population. D. melanogaster from Zambia had a 
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significantly lower tolerance to ethanol than French D. melan-

ogaster (Figure 1C,D, two-tailed t-test p < 0.0001). The French 
D. melanogaster were able to stay in the euphoric stage of eth-
anol exposure without becoming sedated, while the Zambian 
D. melanogaster became sedated. This confirms the expected 
difference in ethanol tolerance between African and cosmo-
politan D. melanogaster. As such, we know that cosmopolitan 
D. melanogaster are adapted to ethanol exposure and Zambian 
D. melanogaster are not.

3.2   |   Changes in Gene Expression

Based on the ethanol-treatment term in our DESeq2 model, we 
identified 158 significantly differentially genes in the Zambian 
population, compared with 127 genes in the French D. mela-

nogaster (Figure  2; Data  S1 and S2). However, the most strik-
ing difference is in the interaction term between genotype and 
treatment, where cosmopolitan D. melanogaster exhibited only 
145 changes while Zambian D. melanogaster had 1164 genes 
that showed differential expression, an eight-fold difference 
between populations (Figure 2). One explanation for the large 
effect of genotype in Zambian D. melanogaster compared with 
French D. melanogaster would be more variation attributable to 
genotype overall in Zambian D. melanogaster, particularly be-
cause the out of Africa expansion likely included a bottleneck 
(Li and Stephan 2006; Ometto et al. 2005; Haddrill et al. 2005; 
Li et  al.  1999). However, this does not appear to be the case 
as in French D. melanogaster 2972 genes are differentially ex-
pressed between genotypes while in Zambian D. melanogaster 
only 913 genes differ between the genotypes. This implies that, 
if the Zambian samples had substantially lower variance within 
the genotypes, we would expect an increase in significance for 
both the genotype main effect and the ethanol by genotype in-
teraction, rather than fewer genotype main effect genes in the 
Zambia and many more interaction genes. This contrast sug-
gests that the number of significant genes in the interaction term 
in the Zambia reflects stronger genotype-specific responses to 
ethanol treatment rather than a simple artifact of reduced varia-
tion among replicates.

In addition to the striking differences in the number of genes 
responding to ethanol by genotype in each population, the 
majority of genes in the Zambian population were upregulated 
(Figure  2C). A total of 1063 genes were up-regulated in the 
Zambian population relative to the nine up-regulated genes in 
the French population. Some genes were significant for more 
than one component of variance and they are double counted 
in those tallies, as they can have separate effects for different 
components of variance. The number of downregulated genes 
was consistent across populations, as there were 101 down-
regulated genes in the Zambian D. melanogaster and 136 in 
the French D. melanogaster (Figure 2C,D). This suggests that 
the adaptive response to ethanol may in part be the suppres-
sion of a response.

3.3   |   Core Components of the Response to Ethanol

Genes that show a significant ethanol by genotype interac-
tion in both populations of D. melanogaster are likely to be 

core components of the genotype-specific response to ethanol. 
In total, 136 genes had a response to ethanol in the Zambian 
and French populations of D. melanogaster (though not nec-
essarily the same response), including Drat, Pinocchio, cabut, 

sugarbabe, and Fatty Acid Synthase 2. Compared to several 
other studies, four of the aforementioned genes are repeat-
edly implicated (Drat, Pinocchio, cabut, sugarbabe) (Morozova 
et al. 2006, 2011; Signor and Nuzhdin 2019; Kong et al. 2010). 
In addition, in at least two other studies and in our data set 
FASN2, betaTub65B, AcCoAS, Pgd, and CG13607 were impli-
cated in the response to ethanol (Morozova et al. 2006, 2011; 
Signor and Nuzhdin 2019; Kong et al. 2010). This suggests that 
these are core components of the response to ethanol, given 
that in many studies overlap between gene expression data 
sets can be low. Interestingly, the direction and magnitude of 
change of Drat, Pinocchio, cabut, and sugarbabe was the same 
between populations, suggesting they may be part of a con-
served response to ethanol rather than part of the adaptive 
response in the French population.

3.4   |   Alternative Splicing

Next we asked whether ethanol exposure also alters alternative 
splicing, and whether these splicing responses differ between 
the ancestral range and the derived populations. In general, 
the splicing response to ethanol was larger in Zambian pop-
ulations of D. melanogaster, with 88 Skipped Exon (SE) (54 
France), 57 Alternative 3′ Spliced Site (A3′SS) (32 France), 
43 Intron Retention (RI) (25 France), and 41 Alternative 5′ 
Splice Sites (A5SS) (31 France) (Figure 3A–D, Data S3 and S4). 
Across both groups, SE was the most common splicing event, 
followed by A3′SS usage. This prevalence of SE events was 
supported by a Fisher's exact test (p = 0.000279; Figure  4A), 
reinforcing the dominant role of exon skipping in the ethanol-
induced splicing response. Thiryt-four genes and 32 events are 
shared between populations among all these categories, but 
of those, only five are in the same direction, suggesting that 
the response to ethanol is quite distinct between populations. 
Interestingly, several Zambian genes previously associated 
with neural function—including slowpoke, CASK, and dunce—

were found to undergo ethanol-induced splicing changes. 
Of these, only slowpoke has been previously documented to 
exhibit alternative splicing in response to ethanol exposure 
(Cowmeadow et al. 2006, 2005; Rodan and Rothenfluh 2010). 
In the adapted French population, a number of genes known 
to interact with one another in muscle specification are im-
plicated, including spalt major, Myofilin, Stretchin-Mlck, 

frayed, myospheroid, SCAR, sallimus, tropomodulin, upheld, 
and wings upA (Figure  3) (Skoulakis Crittenden et  al.  2018; 
Lin et al. 1996; Sivachenko et al. 2013). Interestingly, mef2 is 
thought to be a general regulator of ethanol sedation and is re-
sponsible for both muscle development and regulation of gene 
expression in neural tissue (Schmitt et al. 2019; Talikoti 2021; 
Adhikari et al. 2018). Indeed, mef2 has a splicing difference in 
the Zambian population, and 39 genes in the Zambian popu-
lation were also uncovered in a screen of mef2 targets, includ-
ing Myosin heavy chain, shaking B, and dunce (Talikoti 2021). 
In the French population, 33 genes were also implicated in 
this screen of mef2 targets, including fruitless, dachshund, 

Bruce, myospheroid, and frayed. Mef2 and spalt major are both 
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myogenic regulators, but their relationship to each other is not 
clear. This raises the interesting possibility that the myogenic 
pathways may be an important part of the splicing response 
to ethanol. Overall, overlap with previous work on alternative 
splicing in response to ethanol is low, with Slowpoke binding 

protein, Syncrip, tweek, wings up A, midline fasciclin, Myosin 

heavy chain, and Rab3 interacting molecule being found in 
at least one population here and previous work (Signor and 
Nuzhdin 2018, 2019; Petruccelli et al. 2018).

3.5   |   Core Components of the Splicing Response

Splicing changes that occur in the same gene are likely part of 
the core response to ethanol, even when the direction of exon 
change inclusion differs between populations. In the Zambian 
data set, nine genes showed overlap between differential 
expression and alternative splicing. In contrast, we did not 
observe such overlap in the French flies. In the Zambian pop-
ulation overlapping genes include known candidates such as 

FIGURE 2    |    (A) The number of genes that significantly changed in relative abundance (adjusted p-value ≤ 0.05) for each term in the differential 

expression model (ethanol treatment, genotype, and ethanol by genotype interaction) in D. melanogaster from the French and Zambian populations. 

(B) A Venn diagram showing the overlap between genes with a significant differential genes in the ethanol by genotype interaction (adjusted p-value 

≤ 0.05) between the French and Zambian populations. A total of 88 genes show significant ethanol by genotype interaction in both populations, with 

57 genes unique to the French population and 1076 genes unique to the Zambian population. (C) Scatter plot of genes in the Zambian population, 

showing the estimated ethanol by genotype interaction effect (y-axis; difference in ethanol-induced expression change among genotypes) versus 

mean expression (x-axis). Genes with a significant ethanol by genotype interaction (adjusted p-value ≤ 0.05) are highlighted. (D) As in C, but for the 

French population.
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Syncrip and NFAT, as well as new candidates such as smooth, 

myospheroid, and suppressor of hairy wing. Myospheroid, 

NFAT, smooth, scalloped, and terribly reduced optic lobes al-
tered splicing in the same direction, suggesting they are not 
part of the adaptive response to ethanol. However, this is 
complicated; for example, a skipped exon in smooth changed 
in opposite directions in the two populations, while 3′ alter-
native splicing changed in the same direction, suggesting 
there are likely still differences in isoform abundance at this 
gene (see Figure 4B for examples of complicated splicing re-
sponses). Syncrip was found in both populations changing in 
the opposite direction and was implicated in previous work 

in alternative splicing in response to ethanol (Signor and 
Nuzhdin 2018, 2019).

3.6   |   Splicing and Gene Expression Evolution Are 
Distinct

For the response to ethanol, the French population did not share 
any genes between the gene expression and splicing analysis. 
Furthermore, for the differential gene expression analysis of 
genotype by ethanol and the splicing response to ethanol, no 
genes were shared in the French population. In the Zambian 

FIGURE 3    |    (A) Bar plot that shows the number of significant splicing events in the Zambian population after ethanol exposure. (B) The volcano 

plot illustrates genes with inclusion and exclusion level (PSI) difference (x-axis) in the French and Zambian population corresponding to the False 

Discovery Rate (FDR) (y-axis). Each data point represents a splicing event obtained from rMARTs. Events with ΔPSI > 0 (< 0) indicate exon inclusion 

in the Zambian population relative to the control samples. Gray denotes splicing events that did not reach significance (adjusted p > 0.05 or −0.2 < 

ΔPSI < 0.2). Four splicing event types (A3SS, A5SS, RI, ES) are indicated by different colors (green, orange, purple, and blue, respectively). (C) Bar 

plot that shows the number of significant splicing events in the French population after ethanol exposure. (D) The volcano plot shows genes with 

inclusion and exclusion level (PSI) difference (x axis) in the French population.
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population, the number of genes shared between the differen-
tially expressed genes for the interaction term and the splicing 
response to ethanol was nine (out of more than a thousand that 
changed in the Zambian expression differences). Thus, the splic-
ing and gene expression differences in response to ethanol are 
largely distinct.

4   |   Discussion

There are very few examples where the evolution of genetic ac-
commodation has been demonstrated, in large part due to the dif-
ficulty of estimating genotype by environment interactions with 
replicated genotypes. Evolution by genetic accommodation has 
remained largely theoretical. Here we have demonstrated, using 
new populations of D. melanogaster, that the evolution of etha-
nol tolerance in D. melanogaster has occurred through genetic 
accommodation. This replicates previous results using D. sim-

ulans as the ancestral proxy lineage and a different population 
of D. melanogaster (Signor and Nuzhdin 2019). In D. simulans, 
there was abundant variation in how each genotype responds 
to ethanol, and in cosmopolitan D. melanogaster there was little 
variation (Figure 1A). However, it is possible that the observed 
pattern was isolated to this species pair and not a generalizable 
pattern. Furthermore, while D. simulans is the sister species to 
D. melanogaster and is not adapted to ethanol, populations of D. 

melanogaster with the ancestral state are more directly compa-
rable. Here, we have demonstrated that genetic accommodation 
has occurred within the D. melanogaster lineage in response to 
ethanol. Ancestral range D. melanogaster that are not adapted to 
ethanol show the same pattern of genotype-specific responses as 
D. simulans. Without selection on the response to ethanol, envi-
ronmentally induced variants can accumulate as cryptic genetic 
variation and manifest as greater variation between genotypes 

(Schlichting and Wund  2014; Rutherford  2000; Gibson and 
Dworkin 2004; Hermisson and Wagner 2004). Because ethanol 
is a patchy resource the response to ethanol is expected to be 
selected as an optimal plastic response (Via and Lande  1985; 
Guntrip and Sibly  1998; Lande  2009; Matzkin  2012; Huang 
et al. 2016). Given that replication of gene expression studies can 
often be limited, this is strong evidence for evolution by genetic 
accommodation. This provides one of the only sure cases where 
evolution by genetic accommodation has been demonstrated 
biologically.

Ancestral range and cosmopolitan D. melanogaster fit the crite-
ria for establishing evolution by genetic accommodation (Levis 
and Pfennig  2016; Jones and Robinson  2018). Using ancestral 
range D. melanogaster as a proxy lineage for ancestral D. mela-

nogaster, the focal trait can be environmentally induced by ex-
posing them to ethanol. This exposure uncovers cryptic genetic 
variation—a large increase in genotype-specific responses to 
ethanol. Furthermore, while our previous work showed a loss 
of genotype-specific response in Californian cosmopolitan D. 

melanogaster, this work confirmed this loss of genotype-specific 
responses in a second French population of D. melanogaster 
(Signor and Nuzhdin  2019). Lastly, the focal trait shows evi-
dence of adaptive refinement in cosmopolitan D. melanogas-

ter—confirmed here with the increased resistance of French D. 

melanogaster and recorded elsewhere in terms of preferential 
oviposition in ethanol-rich substrate (Milan et  al.  2012; Pohl 
et al. 2012).

We also demonstrate here that gene expression and splicing 
have evolved independently, confirming that they have a sep-
arate genetic basis. This is consistent with recent predictions 
that suggest that separate responses for expression and splicing 
will be common and an important contributor to plasticity over 

FIGURE 4    |    (A) A plot box illustrating the difference in the number of skipped exons in between the French and Zambian population. This sig-

nificant difference is supported by a fisher's test = 0.000279. (B) Two examples of the complex splicing exon skipping events in Whamy and SCAR.
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short timescales (Verta and Jacobs  2022). The implication is 
that splicing and gene expression will also have distinct func-
tions and affect different pathways, and indeed the two data sets 
contain genes with very different functions—for example, the 
French splicing data set contains many mef2 interacting genes 
and genes thought to be involved in muscle/brain specification, 
while the gene expression data sets do not.

Previously we reported that in D. simulans the response to etha-
nol was enriched for non-protein coding genes as well as nested 
genes (genes in the introns of other genes). We hypothesized 
that cryptic genetic variation affecting gene expression prefer-
entially accumulates in intronic non-protein coding genes due 
to lower selective constraint on expression. However, we did 
not find any enrichment in African D. melanogaster suggest-
ing this is not a general feature of the accumulation of cryptic 
genetic variation. We also did not find a larger contribution of 
splicing in the adapted population, though we did find a larger 
contribution of splicing in California D. melanogaster compared 
with D. simulans. However, the method used to quantify splic-
ing is very different between these manuscripts, as the previous 
paper used a more bespoke pipeline (Signor and Nuzhdin 2019; 
Sprengelmeyer and Pool 2021).

In our analysis of gene expression differences, we uncovered 
some of the same genes which have been implicated in other stud-
ies including our own—Drat, cabut, sugarbabe, and Pinocchio, 
to name just a few. cabut and Pinocchio are also thought to be 
targets of mef2, potentially one of the core regulators of the re-
sponse to ethanol (Schmitt et al. 2019; Talikoti 2021). While gene 
expression differences did not overlap considerably with the list 
of mef2 targets, in the French population alternative splicing did, 
and contained many other myogenic genes that either interact 
with spalt major or have been implicated in that pathway. While 
mef2 and spalt major are referred to as myogenic genes, mef2 
is required for mushroom body development, neuronal plas-
ticity, and circadian rhythms (Schmitt et al. 2019; Talikoti 2021; 
Skoulakis Crittenden et  al.  2018; Adhikari et  al.  2018; Lin 
et al. 1996; Sivachenko et al. 2013). Spalt major has a role in the 
brain and is a known target of terribly reduced optic lobes which 
was also implicated in splicing differences in the French pop-
ulation. Many of these genes appear to be transcription factors 
that may play a role in many essential functions, interacting 
with the same set of genes but deployed in different contexts. 
For example, spalt major is responsible for alternative splicing 
of Myofilin in developing muscles, and we see changes in the 
splicing of both in this data set, but likely they are performing a 
neural function (Spletter et al. 2015).

The evolution of phenotype plasticity is not well understood, 
with few examples where genotype can be included as a factor 
to understand variation in the plastic response within a popula-
tion. The patterns observed in Zambian D. melanogaster suggest 
that abundant genotype by environment interactions have accu-
mulated neutrally and become uncovered in response to a novel 
environment. In contrast, in French D. melanogaster the etha-
nol environment is not novel and variation in plasticity has been 
selected out in favor of an adaptive phenotypic response. This 
represents an independent confirmation of genetic accommo-
dation in D. melanogaster, using a more appropriate ancestral 
proxy lineage to understand the dynamics of ethanol adaptation. 

This study supports the evolution of ethanol tolerance through 
genetic accommodation in D. melanogaster, confirming theoret-
ical predictions about how phenotype plasticity evolves.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: The DESeq2 results for the Zambian pop-
ulation. The Excel file has three sheets: (1) the ethanol treatment effect 
(ethanol-treated vs control across genotypes), (2) the genotype Ã—treat-
ment (interaction) term, and (3) the comparison between genotypes (geno-
type main effect). Data S2: The DESeq2 results for the French population. 
The Excel file has the same three sheets: (1) the ethanol treatment effect, 
(2) the genotype Ã—treatment (interaction) term, and (3) the compari-
son between genotypes. Data S3: The alternative splicing results for the 
Zambian population. These results are based on comparisons of ethanol-
treated samples to controls. The file reports significant events for four 
splicing categories: retained intron (RI), alternative 3′ splice site (A3SS), 
alternative 5′ splice site (A5SS), and skipped exon (SE). Data S4: The alter-
native splicing results for the French population. As in Data S3, the results 
are based on comparisons of ethanol-treated samples to controls, and in-
clude the four splicing categories: retained intron (RI), alternative 3′ splice 
site (A3SS), alternative 5′ splice site (A5SS), and skipped exon (SE). 
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