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Abstract

Phenotypic plasticity is known to enhance population persistence, facilitate adaptive evolution and initiate novel phenotypes in
novel environments. How plasticity can contribute or hinder adaptation to different environments hinges on its genetic
architecture. Even though plasticity in many traits is genetically controlled, whether and how plasticity’s genetic architecture
might change in novel environments is still unclear. Because much of gene expression can be environmentally influenced, each
environment may trigger different sets of genes that influence a trait. Using a quantitative trait loci (QTL) approach, we
investigated the genetic basis of plasticity in a classic functional trait, alcohol dehydrogenase (ADH) activity in D. melanogaster,
across both historical and novel alcohol environments. Previous research in D. melanogaster has also demonstrated that ADH
activity is plastic in response to alcohol concentration in substrates used by both adult flies and larvae. We found that across all
environments tested, ADH activity was largely influenced by a single QTL encompassing the Adh-coding gene and its known
regulatory locus, delta-1. After controlling for the allelic variation of the Adh and delta-1 loci, we found additional but different
minor QTLs in the 0 and 14% alcohol environments. In contrast, we discovered no major QTL for plasticity itself, including the
Adh locus, regardless of the environmental gradients. This suggests that plasticity in ADH activity is likely influenced by many
loci with small effects, and that the Adh locus is not environmentally sensitive to dietary alcohol.

Introduction

Phenotypic plasticity, the ability of an organism to alter its
phenotype according to its environment, is argued to play
important roles in many ecological and evolutionary pro-
cesses, (Wang and Althoff 2019; Levis et al. 2018; Levis
and Pfennig 2016), including range expansion, niche shift,
population divergence, speciation, and population persis-
tence under anthropogenic environmental changes (DeWitt
and Scheiner 2004; Merila and Hendry 2014; Pigliucci
2001; Schaum and Collins 2014; Schlichting and Pigliucci
1998; West-Eberhard 2003). The first step in each of these
processes depends on a population’s ability to persist and
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eventually grow under new environmental conditions.
During the initial encounter, plasticity can allow a popula-
tion to respond to the novel environment directly and pro-
duce better matching phenotypes before genetic changes
have time to occur (Snell-Rood et al. 2010; Yeh and Price
2004). Thus, plasticity can be initially adaptive. As a
population continues to locally adapt, plasticity itself can
also be selected to increase, and may be instrumental in
maintaining the fit between phenotype and the environment
over generations (Lande 2009; Nussey et al. 2005; West-
Eberhard 2003).

Whether and how plasticity will evolve in novel envir-
onments relies on its underlying genetic architecture: the
amount of genetic variation and the correlations with other
traits under selection (Blows 2007; Gomulkiewicz et al.
2010; Kopp and Matuszewski 2014; Via et al. 1995). If
plasticity is controlled by a few loci with large, additive
effects, we can expect rapid evolutionary responses in
plasticity and fixation at these loci (Jain and Stephan 2017).
Alternatively, if plasticity is controlled by many loci with
interacting effects, its evolutionary trajectory may be much
slower, as well as less predictable. A complex network of
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interacting loci might constrain changes in plasticity due to
the large number of simultaneous changes that need to
occur. As these changes accumulate over time, there might
be new plastic phenotypes that arise because the effects of a
locus can depend on the allelic variation at other loci under
selection, which can change as evolution proceeds
(Badyaev 2005; Lande 2009; West-Eberhard 2003).

In addition, the correlation between plasticity and other
traits under selection can also influence the rate and speed
of plasticity evolution. For example, positive genetic cor-
relations can accelerate the rate of adaptation if the direction
of selection aligns between plasticity and other traits under
selection (Chevin 2013; Schluter 1996). Genetic correla-
tions can arise when plasticity shares causal loci with other
traits under selection, or when different causal loci are
physically linked on a chromosome. Thus, elucidating the
genetic architecture of phenotypic plasticity is critical for
understanding the role of plasticity in the evolutionary
potential of populations experiencing novel environments.

Growing evidence has shown that phenotypic plasticity is
genetically controlled, and can correlate extensively with
other traits (Hangartner and Hoffmann 2016; McCairns and
Bernatchez 2010). Two alternative genetic mechanisms have
been proposed for phenotypic plasticity. In the allelic sensi-
tivity model, the same genes control both phenotypic varia-
tion in each environment and variation in plasticity (Via et al.
1995). Alternatively, in the plasticity gene model, plasticity is
an outcome of differential regulatory control of gene
expression in different environments (Scheiner 1993). In
reality, these mechanisms are nonexclusive and can jointly
influence the plasticity of a single trait (e.g. Wei and Zhang
2017). When plasticity is mostly determined by allelic sen-
sitivity, variation in plasticity would be highly correlated with
trait values. Alternatively, plasticity based on plasticity genes
would allow for separate and possibly independent evolu-
tionary fates of trait values and their plasticity.

Although both the evolutionary importance and the
genetic architecture of plasticity have received growing
interests among both theoretical and empirical studies, we
know much less about the evolutionary potential of plasti-
city in novel environments (Levis and Pfennig 2019). In
order to understand past evolutionary patterns, many studies
focus on historically relevant environmental gradients when
studying the genetics of plasticity, and both the genetic
structure of plasticity and its correlation with other traits can
vary substantially, depending on the range of environments
investigated (Callahan and Waller 2000; Fischer et al. 2016;
Husby et al. 2011; Lacaze et al. 2009; Tonsor and Scheiner
2007). The genetic architecture of plasticity in novel
environments, however, may further differ from historical
environments; thus, whether we can predict the effects of
plasticity in novel environments is still unclear (Chevin and
Hoffmann 2017).
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One way to explore the genetic architecture of plasticity
is through quantitative trait mapping (QTL), especially in
model systems with a sequenced genome and known gene
functions. Identified QTLs provide a starting point for
determining the potential causal loci with the largest effects
on phenotypes. QTL regions can be further mined for genes
of known functions that may provide insight into their
mechanisms of action on plasticity. For example, regulatory
genes may be less constrained than protein-coding genes to
evolve without disruptive outcomes, and small changes in
regulatory genes can have large impacts on a phenotype.

We used QTL mapping to compare and contrast the
genetic basis of alcohol dehydrogenase (ADH) activity and
plasticity across a range of historical and novel alcohol
environments using the model organism Drosophila mela-
nogaster. Adaptation to alcohol environments through the
ADH protein has been a critical evolutionary force in many
Drosophila lineages, especially in D. melanogaster, which
spread around the globe by colonizing high alcohol envir-
onments associated with human activities such as agri-
culture (Markow 2015; Mercot et al. 1994). Some
populations have even colonized winery waste with over
7% alcohol content (Gibson et al. 1981). In addition, Wang
and Althoff (2019) demonstrated that D. melanogaster can
develop in substrate with even higher alcohol content (16%)
well outside the range of natural alcohol conditions
experienced by larvae. Part of D. melanogaster’s ability to
handle alcohol is due to two well-characterized alleles at the
ADH locus, fast and slow (Geer et al. 1985), that differ in
the rate at which they catalyze alcohol (McDonald et al.
1980; Thompson and Kaiser 1977). Siddiq et al. (2017) and
Siddiq and Thornton (2019) experimentally demonstrate
this by using transgenic flies that contain one or the other
allele, but also caution that these two alleles alone cannot
explain all the variation in alcohol tolerance observed
among populations. Thus, there are likely additional loci
and other factors that are important in alcohol tolerance.

One reason for D. melanogaster’s exceptional alcohol
tolerance is that larvae can use the alcohol as an energy
source, 90% of which is processed through the ADH
pathway (Geer et al. 1985). In larvae, the ADH protein
catalyzes the first two steps of the pathway: alcohol is
converted to acetaldehyde and then to acetate, which is
finally converted to acetyl-CoA and enters the TCA cycle
(reviewed in Geer et al. 1993). Large amounts of carbon
from alcohol are then converted to glycerol and fatty acids
for storage (Heinstra et al. 1990), and ADH activity has
been shown to control the flux from alcohol to fatty acids
(Freriksen et al. 1991). Dietary alcohol can induce increased
ADH activity through increased transcription (Geer et al.
1985; Mckechnie and Geer 1984), but this plasticity is not
controlled by variation in the Adh-coding gene. Using
mutant strains, Kapoun et al. (1990) showed that two
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regions close to the transcription-start site can regulate the
transcriptional plasticity of Adh. However, what natural
genetic variation exists for ADH plasticity is not well
understood.

To investigate the genetic basis of ADH activity and
plasticity, we took advantage of an established mapping
resource, the Drosophila Synthetic Population Resource
(DSPR). DSPR has both fine-mapping power and encom-
passes global genetic variation, because each mapping
population was initiated by crossing eight genetically dis-
tinct founder lines from different parts of the world (King
et al. 2012). Using the DSPR, we investigated the genetic
basis of ADH activity and plasticity in larvae developing
across different alcohol environments that includes the
range found in natural conditions (0 and 7% alcohol) and a
novel environment (14%). We chose these concentrations
because they encompass the environment in which the
DSPR is raised (0%), the most extreme concentration (7%)
for natural populations (wineries) and a value that is outside
the historical range of alcohol concentrations (14%). These
three values allow us to compare and contrast the genetic
basis of ADH activity and plasticity as alcohol environment
changes.

Materials and methods
Mapping population

We used an established mapping population of Drosophila
melanogaster, the pB2 subpopulation of the DSPR for this
experiment (King et al. 2012). The DSPR consists of four
subpopulations of partially sequenced (using restriction site-
associated DNA sequencing) recombinant inbred lines
(RILs) (King et al. 2012). Each pair of the subpopulations
was initiated with eight genetically diverse founders, and
was maintained for 50 generations of random mating before
generating the RILs, giving the mapping population fine-
mapping power (King et al. 2012). We obtained data from
289 of the RILs from the pB2 subpopulation and five of its
founder lines. All stocks were maintained on standard
cornmeal-yeast-molasses medium in growth chambers at
25 °C and 24-h darkness.

Experimental set-up

We measured ADH (Bhatia et al. 2014) activity in larvae
exposed to both historical (0 and 7%) and novel (14%)
alcohol environments. For each RIL, the parental generation
was raised and kept on food substrate with 0% alcohol.
Once eclosed, the adults were allowed to mate freely among
individuals with the same genotype for 3 days, so their
offspring (used for the experiment) represented the inbred

genotype. Mated females were transferred to fresh media for
16 h to lay eggs. The eggs were then manually transferred to
six rearing vials, two for each treatment: 0, 7, and 14%
alcohol (ethanol) in the food substrate. Each rearing vial
contained 20 eggs at the maximum to keep the larval den-
sity low. If the rearing dish contained <60 eggs, only three
rearing vials were used, one for each treatment. We setup
two vials of larvae for some RILs to ensure that enough
larvae survived for subsequent analyses, but only collected
larvae haphazardly from one of the vials.

All rearing vials were maintained at 25 °C and 24-h
darkness, until the larvae reached the third-instar stage, and
were collected for subsequent analyses. Given the slower
development at higher alcohol concentrations, larvae in
different treatments were collected at different times, such
that they were all collected at a similar developmental stage
based on size (3 days for 0%, 5 days for 7%, and 5.5 days
for 14%). We collected larvae by removing the top layer of
the food substrate, washing them twice in clean DI water
and used a paintbrush to gently roll them on a clean piece of
Kimwipe to dry. Groups of five larvae (or as many as alive
if <5, 3.74 £ 1.58) were collected from one rearing vial per
treatment and weighed together on a microbalance. They
were then flash-frozen on dry ice and stored at —80°C
before being assayed for ADH activity.

Phenotyping

We measured the ADH activity of larvae using spectro-
photometric assays following established protocols (mod-
ified from Malherbe et al. 2005). To extract ADH from the
samples, each group of larvae was homogenized and sus-
pended in an extraction buffer (50 mM glycine-NaOH,
1 mM EDTA, pH 9.5). We scaled the amount of buffer with
the number of larvae in each sample, using 50pul of
extraction buffer for each larva. The suspension was then
centrifuged for 5min at 11,000 rpm, and only the clear
supernatant was used for the spectrophotometric assay. All
samples were kept on ice during preparation and stored at
—80 °C before assaying. To measure ADH activity, we
mixed 170 pl of extraction buffer with 20 pl of supernatant
and 10 pl of reagent buffer (extraction buffer + 5 mM NAD
+ 200 mM 2-propanol). After 30 s of mixing, we measured
the absorbance at 340 nm every 3 s for 60 s using a spec-
trophotometer. The absorbance indicated the amount of
NADH produced from 2-propanol and NAD™, catalyzed by
the ADH protein, and the rate of NADH production cor-
responded linearly to ADH activity. For each assay, we
used the slope coefficient from a simple linear model
(absorbance ~ time) to calculate the average rate of absor-
bance change. Each sample was measured twice as techni-
cal replicates, and we used the mean as the activity measure
for that sample. We also assayed a common standard
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Fig. 1 QTL identified for ADH (alcohol dehydrogenase) activity in
larval Drosophila melanogaster developing in substrate with 0, 7,
and 14% alcohol (top, middle, and bottom panel, respectively).
Black line represents the 95% LOD score thresholds using 1000 per-
mutation tests. The identified QTL contains the Adh gene and its
regulatory locus, delta-1.

sample prepared at the same time as the experimental
samples, and this allowed us to correct for the slow dete-
rioration of ADH activity and the reagent buffer over time.
We further corrected all ADH activity measures by the
average weight of the larvae in each sample.

Plasticity measures

We calculated three different plasticity measures for each
RIL: the change in ADH activity between 0 and 7% (p07),
between 0 and 14% (p014), and between 7 and 14% (p714)
alcohol environments. We used the discrete intervals rather
than using parameters from a linear fit, because many RILs
responded nonlinearly across the different intervals. Since
we had no prior expectation which interval was the most
biologically relevant, we used all three possible plasticity
measures for subsequent QTL analyses. We also calculated
the Pearson’s correlation coefficients and their significance
between all pairs of traits: ADH activity in each environ-
ment and the three plasticity measures. These phenotypic
correlation coefficients gave us the upper limits of genetic
correlations among these traits.

Quantitative trait loci analysis
We mapped QTLs for ADH activity in all three treatment

environments and all three plasticity measures separately
using the R packages “DSPRqtl” and “DSPRqtldataB” that
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were developed in concert with the DSPR (King et al. 2012;
R Core Team 2017). We visually inspected the data for
normality, and none of the traits appreciably deviated from
normal distributions. Each QTL analysis produced a list of
LOD scores for a set of genetic locations at regular intervals
across the genome, and the LOD scores indicate how
strongly variation at a genetic location associated with
variation in the trait values. To determine which of the
genetic locations contained significant QTLs, we performed
1000 permutation tests to determine the appropriate whole-
genome LOD score thresholds, with a significance value
threshold of 0.05. We then used the conservative 2-LOD
support intervals as the confidence intervals. To extract all
annotated genes in each QTL region, we used the gene map
table from FlyBase (FB2019_05 Thurmond et al. 2019),
and we extracted the list of genes in each interval using R
(R Core Team 2017). We further explored these genes’
function and their stage-specific expression patterns through
GBrowse on FlyBase (Thurmond et al. 2019).

Previous studies have shown that allelic variation in the
Adh protein-coding gene and the cis-acting delta-1 region
had large effects on ADH activity in flies, and existing
genetic information allowed us to control for their effects in
our QTL analyses (Laurie and Stam 1994). Two alleles for
Adh and delta-1 were found among the founders of our
population, the fast and slow alleles of Adh, and the high
and low alleles for delta-1. The eight founders fall into three
genotypic classes, fast and high, fast and low and slow and
low. We assigned each RIL to one of the genotypic classes
as the founder with the highest hidden Markov model
probabilities at the genomic locations where Adh and delta-
1 resided. For any of our previous analyses that showed
significant QTLs overlapping the Adh and delta-1 region,
we performed additional analyses using residuals from
models accounting for allelic variation in these two genes.
These additional analyses allowed us to map QTLs that
were not associated with Adh and the delta-1 loci with
greater statistical power.

Results

For ADH activity expressed in the 0% alcohol environment,
there was a single significant QTL on the left arm of the
second chromosome (Table 1 and Fig. 1). This region
contained the Adh- coding gene and its known regulatory
loci, delta-1, both of which have been established to affect
ADH activity in flies (Laurie and Stam 1994). The same
QTL region was also detected for ADH activity in both the
7% and the extreme 14% alcohol environments (Fig. 1). No
other significant QTL was detected for ADH activity.
Because allelic variation in both Adh and delta-1 is well
understood to affect ADH activity in flies, we did additional
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Table 1 Results of QTL analysis for ADH (alcohol dehydrogenase) activity and plasticity in larvae of Drosophila melanogaster developing at

different alcohol concentrations in the larval-feeding substrate.

ADH trait Substrate alcohol conc. Chromosome Peak location (Mb) LOD Confidence interval Effect on phenotype Genes
Activity 0% 2L 14,800,000 36.6  2L1:14,380,000..14,960,000 49.07% Adh
Activity 7% 2L 14,840,000 322 2L:14,430,000..14,950,000 45.59% Adh
Activity 14% 2L 14,470,000 20.4  2L:14,320,000..14,940,000 34.78% Adh
P07 No significant QTL detected

p014 No significant QTL detected

P714 No significant QTL detected

Table 2 Results of QTL analysis for ADH (alcohol dehydrogenase) activity in larvae of D. melanogaster after controlling for Adh and delta-1 loci

effects.

ADH trait Substrate alcohol conc.

Chromosome Peak location (Mb) LOD Confidence interval

Effect on phenotype Genes

16,510,000
4,590,000

Activity 0% 2L
Activity 14% 2L

8 21.:16,180,000..17,480,000 13.93% Unknown

9.6  3R:8,744,278..8,794,278 18.41% Unknown

QTL analyses after controlling for their effects. We fitted
simple linear models with ADH activity as the response
variable and the allelic variation as the predictor variable,
and used the residuals from the models (separately for each
environment) for the additional mapping analyses. This
procedure allowed us to pinpoint whether the known allelic
variation in Adh and delta-1 loci are the causal loci in the
single QTL revealed in the previous analyses. In addition,
controlling for this known allele variation gave us more
power to detect additional QTLs. These analyses revealed
two additional QTLs for ADH activity, one in the 0% and
the other in the 14% alcohol environment (Table 2 and Fig.
2). Neither of these new QTLs overlapped with the QTL
encompassing the Adh gene, suggesting that allelic variation
in Adh and delta-1 was the causal variants for the mapping
analyses before controlling for their effects. In the 0%
alcohol environment, the additional QTL was located on the
left arm of the chromosome, 1.9 Mb downstream from the
Adh gene. This region contains a large genomic region and
143 annotated genes. Given the large number of genes
covered by the region, we only explored the 100-kb region
surrounding the peak location. There were 12 genes in this
restricted region, including seven protein-coding, three non-
protein-coding, one microRNA and one small nucleolar
RNA gene. Only two of these genes have been observed to
have peak expression during the larval stage: dachshund
and snoRNA:Me28S-C1237. In the 14% alcohol environ-
ment, the additional QTL encompassed a total of 12 genes,
all but one that codes for proteins. Only four of the protein-
coding genes are known to have high expression during
larval stages. Among these four, only one has any annotated
function: CG8223 encodes for a protein that can bind to
histones, and is involved in nucleosome assembly. The
different QTLs mapped in the O and 14% alcohol

ADH activity in
0 % alcohol

0 66 0 54 108 0 47 103

LOD

ADH activity in
14 % alcohol

0 66 0 54 108 0 47 103
X 2L 2R 3L 3R

Position (cM)

Fig. 2 QTL identified for ADH (alcohol dehydrogenase) activity in
larval Drosophila melanogaster developing in substrate with 0%
and 14% alcohol (top and bottom panels, respectively) after con-
trolling for allelic variation in Adh and delta-1 loci. Black line
represents the 95% LOD score thresholds using 1000
permutation tests.

environments suggested that their effects depended upon
what alcohol environments larvae experienced. This pattern
is further supported by the intermediate correlations among
ADH activity in the three environments (Table 3).

The RILs showed substantial plasticity in ADH activity
(Fig. 3). The majority of lines had increased ADH activity
when larvae were exposed to higher alcohol concentrations
in the larval substrate. There were several lines, however,
that exhibited decreased ADH activity in response to
increasing alcohol (Fig. 3). In contrast to ADH activity, we
did not detect QTLs for any of the three plasticity measures
(Table 1). This was also true when controlling for the allelic
effects at the Adh and delta-1 loci. There were several peaks
that were close to the global significance threshold, but
none that crossed the significance threshold. Interestingly,

SPRINGER NATURE
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Table 3 Pearson’s correlation ADH traits ADH 0% ADH 7% ADH 14% p07 p014 p714

coefficients between alcohol

dehydrogenase (ADH) activity Activity 0% 1 _ _ _ _ _

and its plasticity across differing . .

concentrations of alcohol (0, 7, Activity 7% 0.57 1 - - - -

and 14%) in the feeding Activity 14% 0.47* 0.46* 1 - - -

Sublstrate of larval D. p07 —0.44% 0.48%* 0.011 1 _ _

metanogaster. pO14 —0.41% ~0.027 0.61* 0.41% 1 -
p714 —0.038 —0.45%* 0.58* —0.44%* 0.64* 1

Plasticity is indicated by p07, p014, and p714, which indicates environments across which plasticity was

estimated.

Significant coefficients are marked by *(p < 0.05).

ADH activity (AU/s/img)

7 140 7 140 7 14
Alcohol environment (%)

0 7 140

Fig. 3 Reaction norms for ADH (alcohol dehydrogenase) activity
in Drosophila melanogaster larvae developing in different con-
centrations of alcohol in the larval substrate. Each line represents a
RIL from the pB2 subpopulation from the Drosophila Synthetic
Population Resources. Symbols in each panel represent the sign of
ADH plasticity for the 0-7 and 7-14% alcohol ranges.

the QTL containing the Adh and delta-1 loci did not con-
tribute to plasticity. Given that some RILs had contrasting
patterns of plasticity, we redid the QTL analysis with just
the lines that exhibited increasing ADH activity with
increasing alcohol separately for each plasticity measure. If
different loci were important for increasing or decreasing
plasticity, we felt that this might have influenced the sig-
nificance threshold for any one QTL locus across all RILs.
No QTLs were identified for this subset of RILs either.

None of the correlations between ADH activity and
plasticity measures were very high (Table 3), supporting the
pattern that ADH activity and plasticity have somewhat
separate genetic basis. The correlations between the three
plasticity measures were also intermediate, suggesting
somewhat independent genetic architecture for different
plasticity measures. Notably, the correlation between p07
and p714 was negative, capturing the substantial non-
linearity in plastic responses to the range of historical-to-
novel alcohol environments.
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Discussion

Using QTL analysis, we investigated the genetic archi-
tecture of a functional trait, ADH activity, and its plasticity
across historical and novel alcohol environments in Dro-
sophila melanogaster. Our goal was to determine if genetic
architecture is the same across environments, and whether
plasticity is controlled by environmentally sensitive loci that
code for a functional trait, other loci or a combination of
both. Across all three environments, ADH activity in fly
larvae was largely controlled by a major QTL encompassing
the Adh-coding gene and its regulatory loci, delta-1 (Table 1
and Fig. 1). The effects of Adh and delta-1 have been well
characterized on ADH activity in flies, and the results from
this study demonstrate that their importance is not atte-
nuated by differences in alcohol environments. The positive
correlations observed between ADH activity measured in
the three environments also supported that the genetic basis
for ADH activity is strongly consistent across environments
(Table 3). The sequencing coverage information for the
founder lines and existing knowledge in the allelic variation
in Adh allowed us to test whether the allelic variation at Adh
and delta-1 loci was the causal factor in the single QTL
(King et al. 2012). There are two major alleles for Adh, fast
and slow, producing ADH proteins that are different in
amino acid sequence and specific activity (Kreitman 1983).
Even though the amino acid change does not cause changes
in protein quantity, the fast allele is in linkage dis-
equilibrium with other loci in and around the Adh gene that
leads to higher protein quantities, including a sequence-
length polymorphism in the first intron, delta-1 (Corbin and
Maniatis 1990; Laurie and Stam 1994). Because the fast and
slow alleles are correlated with delta-1 in our mapping
population, we controlled for their effects simultaneously.
After controlling for this allelic variation, the same QTL
region showed little correlation with ADH activity in all
three alcohol environments, suggesting that variation in
the Adh-coding gene is the most important cause of dif-
ferences in ADH activity, regardless of the alcohol
environments.
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Controlling for allelic variation in Adh also allowed us to
map two additional QTLs for ADH activity, one in the 0%
and the other in 14% alcohol environments (Table 2 and
Fig. 2). In the 0% alcohol environment, the new QTL
overlapped with a QTL previously discovered in adults
raised without alcohol exposure, suggesting that its effects
were independent of the developmental stages of the fly
(King et al. 2012). There were 12 annotated genes in this
region, but the molecular function is known for only a few
of them. For example, the dachshund gene has broad reg-
ulatory roles in eye, leg, and brain development (Martini
et al. 2000). In the 14% alcohol environment, a different
QTL was found on the 3R chromosome. In this region, few
of the genes annotated have known functions related to
alcohol metabolism. The third chromosome has previously
been shown to affect alcohol tolerance. Fry (2014) com-
pared the third chromosome from a temperate population
with that from a tropical population after crossing either
chromosomes into a common African genetic background,
and adults with the temperate third chromosome had higher
survival under alcoholic conditions than flies with the tro-
pical third chromosome. There was no additional QTL
discovered in the 7% environment, suggesting that different
or the same gene had different effects in the different
alcohol environment. Together, the different results from
the different alcohol environments indicated that different
genetic elements partly control trait variation within his-
torical and across historical and novel environments. Thus,
evolution in novel environments may not be entirely con-
strained by past evolution in historical environments. This is
consistent with a large body of evidence from other sys-
tems, supporting the importance of cryptic genetic variation
in evolution in novel environments (Dlugosch et al. 2015;
Hamilton et al. 2015; Paaby and Rockman 2014).

Even though the QTL containing Adh and delta-1, and
the two additional ones found in 0% and the 14% alcohol
environments, explained considerable variation in ADH
activity (34-49%), none of them showed any significant
association with ADH plasticity. The RILs had strong
plastic responses to alcohol concentrations in the larval-
feeding substrates (Fig. 3), but we found no QTLs of major
effect that explained variation in plastic responses (Table 1).
Our ability to map some QTLs in ADH activity suggests
that we had enough sample sizes to discover QTLs with
large effects, and this suggests that plasticity in ADH
activity was not controlled by a few genes with large
effects. The lack of plasticity of QTLs does not, however,
suggest that plasticity is under less genetic control than
functional trait values, because plasticity could be con-
trolled by many QTLs with small effects. We did not,
however, have enough power to detect QTLs with small
effects, and it remains unclear whether plasticity in ADH

activity is controlled by a similar set of genes in historical
versus novel environments.

The contrasting results for ADH activity and its plasticity
suggest that somewhat different genes control for ADH
activity in different environments and for plasticity. Simi-
larly, Zhou et al. (2012) found little overlap of genetically
based and phenotypically plastic transcript expressions in
D. melanogaster, suggesting a different genetic basis for
plasticity. This is consistent with other studies investigating
genetic structure of plasticity in other systems across his-
torical environments. For example, trait values and plasti-
city were found to associate with largely different sets of
genetic markers for growth and phenology traits in willows
(Berlin et al. 2017; Hallingback et al. 2019), for morphol-
ogy, phenology and reproductive traits in maize (Kusmec
et al. 2017) and for growth traits in yeast (Yadav et al.
2016). Even though QTLs for trait values and plasticity can
differ greatly in some organisms, it is not uncommon to find
plasticity genes to co-locate with trait QTLs, such was
found for biomass in hybrid willows (Berlin et al. 2017) and
for phenology in maize (Li et al. 2016). These examples and
our data highlight that plasticity can evolve independently
from trait values in some environments, and this pattern is
robust across both historical and novel environments.

In conclusion, we found that the genetic basis of ADH
activity was largely determined by a QTL containing the
gene Adh and its regulatory locus, delta-1. This QTL is
important in ADH activity across both historical and novel
concentrations of alcohol in larval substrates. We also found
that the Adh-coding gene is the most important factor
influencing variation in ADH activity, but different minor
QTLs were important in different alcohol environments.
These patterns indicate that ADH activity could evolve
unconstrained by trait evolution in either historical or novel
environments. Although fly RILs expressed plastic
responses to alcohol concentrations, plasticity is likely
controlled by many loci with medium-to-small effects, and
is largely controlled by separate genetic elements than those
controlling ADH activity. Studies in additional systems are
needed to determine if this is a common pattern for func-
tional traits and their plasticity. As demonstrated in this
study, established mapping resources could be used for
detailed genetic dissection of functional traits and plasticity.
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