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ABSTRACT Prenatal exposure to ethanol causes a wide range of adverse physiological, behavioral and
cognitive consequences. However, identifying allelic variants and genetic networks associated with
variation in susceptibility to prenatal alcohol exposure is challenging in human populations, since time
and frequency of exposure and effective dose cannot be determined quantitatively and phenotypic
manifestations are diverse. Here, we harnessed the power of natural variation in the Drosophila
melanogaster Genetic Reference Panel (DGRP) to identify genes and genetic networks associated with
variation in sensitivity to developmental alcohol exposure. We measured development time from egg to
adult and viability of 201 DGRP lines reared on regular or ethanol- supplemented medium and identified
polymorphisms associated with variation in susceptibility to developmental ethanol exposure. We also
documented genotype-dependent variation in sensorimotor behavior after developmental exposure to
ethanol using the startle response assay in a subset of 39 DGRP lines. Genes associated with development,
including development of the nervous system, featured prominently among genes that harbored variants
associated with differential sensitivity to developmental ethanol exposure. Many of them have human
orthologs and mutational analyses and RNAI targeting functionally validated a high percentage of candi-
date genes. Analysis of genetic interaction networks identified Cyclin E (CycE) as a central, highly
interconnected hub gene. Cyclin E encodes a protein kinase associated with cell cycle regulation and is
prominently expressed in ovaries. Thus, exposure to ethanol during development of Drosophila
melanogaster might serve as a genetic model for translational studies on fetal alcohol spectrum disorder.
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In humans, prenatal exposure to ethanol causes a wide range of adverse
physiological, behavioral and cognitive consequences, including growth
deficiency, developmental delay, reduced brain size, and fetal death.
These conditions are known as fetal alcohol effects (FAE) or fetal alcohol
spectrum disorder (FASD) (Hoyme et al. 2005; Manning and Eugene
Hoyme 2007; Memo et al. 2013).

Rodent models have been used to examine morphological and
neurological changes that occur following alcohol exposure, but the
mechanisms of those effects are still unclear (Kleiber et al. 2011; Kleiber
et al. 2012; Schambra et al. 2015; Marquardt and Brigman 2016; Saito
et al. 2016). Damage to the heart, brain and skeleton in response to
prenatal alcohol exposure has been documented in animal models
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(Cavieres and Smith 2000; Debelak and Smith 2000; Su et al. 2001;
Smith et al. 2014; Sarmah and Marrs 2017). Studies on chicken embryos
and cell lines revealed altered expression of genes related to ribosome
biogenesis, mRNA splicing and protein processing, as well as energy
metabolism and oxidative phosphorylation (Downing et al. 2012; Garic
et al. 2014; Rogic et al. 2016). The nervous system is especially suscep-
tible to developmental alcohol exposure, with widespread transcript
abundance changes among genes associated with cell adhesion,
synaptogenesis and synaptic signaling (Tyler and Allan 2014; Halder
et al. 2015; Mandal et al. 2015). However, comprehensive population
level studies that can accurately assess genotype by exposure effects are
impractical for studies in vertebrate animal models.
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Identifying allelic variants and genetic networks associated with
variation in susceptibility to prenatal alcohol exposure is especially
challenging in human populations, due to incomplete or unreliable
maternal drinking histories, and the diversity of phenotypic manifes-
tations, some of which may appear after a time lag. Drosophila mela-
nogaster has been proposed as a model for FASD (McClure et al. 2011;
Logan-Garbisch et al. 2014), since developmental ethanol exposure
leads to reduced viability and developmental delay. Altered expression
of insulin-like peptides and their receptors in the brain (McClure et al.
2011) as well as oxidative stress (Logan-Garbisch et al. 2014) have been
implicated as possible mechanisms. Previous studies on the effects of
developmental ethanol exposure were, however limited to a few geno-
types, focused on selected pathways, and did not provide insights in the
genetic underpinnings that determine individual variation in sensitivity
to developmental ethanol exposure.

We took advantage of the Drosophila melanogaster Genetic Refer-
ence Panel (DGRP; Mackay et al. 2012; Huang et al. 2014) to perform a
genome wide association (GWA) analysis to infer candidate genes
associated with variation in development time and viability upon eth-
anol exposure. The DGRP represents a population of fully sequenced,
wild-derived, inbred lines with well-annotated genomes. We found
extensive variation in viability and development time among DGRP
lines grown on regular and on ethanol-supplemented food, with flies
developing on average slower when exposed to ethanol. They also
showed reduced viability and impaired sensorimotor integration as
measured through locomotor reactivity. Analysis of candidate genes
revealed a genetic interaction network with Cyclin E (CycE) as a central
hub gene. CycE encodes a serine-threonine protein kinase which plays a
regulatory role in development and is highly expressed in ovaries
(Richardson et al. 1993; Richardson et al. 1995; Sauer et al. 1995).
Mutational analyses and RNAi interference experiments provide causal
validation for CycE and associated genes as developmental targets for
ethanol exposure.

MATERIALS AND METHODS

Drosophila stocks

We used 201 DGRP lines (Mackay et al. 2012; Huang et al. 2014) reared
on cornmeal-molasses-yeast medium (hereafter referred to as standard
or regular medium) at 25° and 70% humidity under a 12 hr light-dark
cycle (lights on at 6:00 am) to measure viability and development time,
and a subset of 39 DGRP lines (Ayroles et al. 2009) to measure loco-
motor reactivity. The DGRP consists of 205 lines derived from a natural
population from North Carolina by 20 generations of full-sib inbreed-
ing followed by whole genome sequencing to high coverage (Mackay
et al. 2012). For functional validation seven P{MiET1} mutants
and their co-isogenic control Wil 2, 3i, (Bellen et al. 2011) were
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obtained from the Bloomington Drosophila stock center (babl,
CG17150, CG42820, CG43729, CG6024, Nek2, nuf and SKIP; Bloo-
mington, IN). In addition, we obtained 18 RNAI transgenic fly strains
of the phiC31 (KK) RNAi library (CGI440, CG32264, CCG34351,
CG34370, CG43894, CycE, dve, Egfr, fd59A, ft, fz, Liml, mam, msn,
pbl, sgg, ZnT41F and zormin), together with the corresponding pro-
genitor line (60010) from the Vienna Drosophila RNAi Center (VDRC;
Dietzl et al. 2007). These lines and the appropriate progenitor controls
were crossed to a weak Ubiquitin-GAL4 driver to suppress the expres-
sion of the gene of interest in hybrid F1 offspring (Garlapow et al.
2015).

Viability and development time

To measure viability and development time we allowed parents to lay
eggs overnight. The next day we collected eggs from the parental vials
and placed 50 eggs per replicate per line on standard medium or on
medium supplemented with 10% (v/v) ethanol. We used five replicate
vials per line and per medium for measurement of development time and
viability. To account for ethanol evaporation all the vials were kept in
behavioral chambers with controlled humidity and temperature and all
DGRP lines were exposed to the same condition. In addition experi-
mental replicates were done with a randomized design to avoid batch
effects. Flies were not exposed to CO, anesthesia for at least 24 hr prior
to the assay. To measure development time we collected and counted
eclosing adult flies every morning between 9:00 and 10:00 am. We used
the mean eclosion day across all flies as a measurement of development
time for each line. We used the fraction of surviving adults out of 50 eggs
as a measurement of viability. Sensitivity to ethanol was determined as
the difference in viability or development time between flies grown on
ethanol-supplemented and regular food.

Locomotion

Locomotor reactivity was measured as startle behavior for 39 DGRP
lines, as described previously (Yamamoto et al. 2008). A single three- to
five-day-old fly grown on ethanol or regular food was placed in a vial
and subjected to a mechanical disturbance by quickly tapping the vial
twice on the bench top. The vial was placed horizontally, and the
locomotor score was recorded as the amount of time the fly remained
mobile within a 60 s period immediately following the disturbance.
This assay was performed with 20 replicate measurements per line
per sex and per condition.

Quantitative genetic analyses
We used mixed model factorial analysis of variance (ANOVA) to
partition variance in replicate means of development time and viability
to ethanol exposure among the DGRP lines, according to the model Y =
m+ T+ L+ LxT + €, where u is the overall mean, T is the fixed effect of
treatment (ethanol or regular), L represents line (random), LxT is the
interaction term (random) and ¢ is the within line (error) variance. We
used a reduced ANOVA of form Y = u + L + ¢ for each growth
condition separately. We estimated variance components from the
full model using the restricted maximum likelihood method and cal-
culated broad sense heritability as H?> = 03/0%, where 0% is the total
genetic variation (0%, + 0%, 7) and o3 is the total phenotypic variation
(O'ZL + O'ZLT + 0'28).

For locomotor behavior we obtained data for both sexes; therefore,
we partitioned the variance using the ANOVA model: Y= + T+ S +
L+ TxS + LxS + LxT + LxTxS + €, where u is the overall mean, T is the
fixed effect of treatment (ethanol or regular), L represents line (ran-
dom), S is the fixed effect of sex (females or males), TxS, LxS, LxT and
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LxTxS are the interaction terms and ¢ is the within line (error) variance.
We used a reduced ANOVA of form Y=pu + S+ L + LxS + ¢ for
each growth condition separately. We calculated the broad-sense her-
itability of locomotor reactivity from the full model as H? = 0&/0% =
(0% + 0%y + O + T2 ps) [ (02 + 02 p + 02 + 02 st %),

Genome-wide association analysis

We performed GWA analyses for development time and viability on
each rearing medium, as well as sensitivity, using a mixed linear model
implemented using the pipeline available at http://dgrp2.gnets.ncsu.edu.
GWA analyses were performed on line means using 1,876,781 variants
that are present at minor allele frequencies of at least 0.05. The effects of
Wolbachia pipientis infection, common polymorphic inversions, and
polygenic relatedness, were taken into account, as described previously
(Mackay et al. 2012, Huang et al. 2014).

Bioinformatics analyses

We annotated DNA variants using the gene models in Flybase release
r5.57 (McQuilton et al. 2012). We downloaded the complete genetic
interaction networks from FlyBase (release r5.57). The genes in the
networks are represented as nodes, whereas edges between the nodes
represent interactions. We mapped candidate genes significant at P <
5x1075 from GWA analyses for viability, development time, and all
candidate genes combined from both traits to the graphical interface of
genetic networks using the igraph package in R (R Core Team 2016).
We then extracted subnetworks from the global networks whose edges
were either a direct connection between candidate genes or bridged by
only one gene not among the candidate gene list. We evaluated the
significance of the size of the largest cluster among the subnetworks by
a randomization test in which we randomly extracted subnetworks
with the same number of input genes. The P-value was determined
by dividing the number of instances where the size of the largest cluster
exceeds the observed largest size by the total number of randomiza-
tions (@=0.05) (Antonov et al. 2008; Carbone et al. 2016; Fochler et al.
2017).

We performed Gene Ontology enrichment analyses using DAVID
software (Huang et al. 2009). Human orthologs were obtained using the
DRSC Integrative Ortholog Prediction Tool (DIOPT, version 5.4;
http://www flyrnai.org/diopt; Hu et al. 2011). A gene interaction net-
work for human orthologs was constructed using R-Spider (http://
www.bioprofiling.de; Antonov 2011).

Functional analyses of candidate genes

Viability and development time: We selected nine (CGI1440,
CG34370, CG42820, CG43729, CG43894, CG6024, msn, nuf and SKIP)
and ten (babl, CG17150, CG32264, CG34351, dve, fd59A, Liml, Nek2,
ZnT4IF and zormin) genes for association with alcohol-dependent
variation in viability and development time at P << 1075, respectively.
In addition, we functionally tested the six most connected genes in the
network associated with phenotypic variation (CycE, ft, fz, mam, msn
and sgg) along with two computationally predicted genes (Egfr and pbl).
Viability and development time were measured for all genotypes as
described above for the DGRP lines, but with 10 replicate vials per

genotype.

Locomotion: Locomotor behaviors were quantified using two different
assays, startle induced locomotor reactivity (Yamamoto et al. 2008) and
negative geotaxis, for the subset of highly interconnected candidate
genes (CycE, f1, fz, and sgg). We analyzed negative geotaxis based on
the countercurrent apparatus designed by Benzer (Benzer 1967). We
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collected 50 3-5 day old flies of the same sex per replicate and per-
formed five replicate assays for mutant lines and their control, reared
on ethanol or regular medium. Flies were allowed to recover overnight
from CO, anesthesia. To begin the assay, flies were tapped to the
bottom of the first start tube, and the apparatus was positioned verti-
cally. The flies were given 15 s to reach the distal tube. This procedure
was repeated seven times, such that flies could choose to go upward a
maximum of eight times. At the end of the trial, all eight start tubes
containing flies were removed and frozen at —20° before manually
counting the flies in each tube. Each individual fly is assigned a score
from 0 (did not move up) to 7 (moved up every trial) (Carbone et al.
2016).

Alcohol sensitivity: Alcohol sensitivity was measured for a CycE
—targeted RNAi knockdown line compared to its control as 50% seda-
tion by collecting 10 replicates of 8 flies (3-7 days old) of the same sex
per replicate and adding 1 ml of ethanol solution onto a vial plug. The
number of intoxicated flies, which lost postural control, was recorded
every 2 min. The observation time ended when at least 4 flies became
intoxicated (Maples and Rothenfluh 2011).

Data analyses: We analyzed sensitivity to ethanol exposure by com-
paring differences in development time, viability, startle-induced loco-
motor reactivity, negative geotaxis and alcohol sensitivity between
ethanol supplemented and regular medium and between mutant lines
and appropriate controls, using a mixed model ANOVA of form Y= u +
T+ L+ TXL + ¢, where T indicates the fixed effect of treatment (ethanol
vs. regular medium), L indicates mutant or control genotypes (fixed)
and ¢ is the residual variance. For startle-induced locomotor reactivity,
negative geotaxis, and alcohol sensitivity we performed data analyses
for sexes separately. Significance of the TXL interaction term indicates
an effect of the mutation on the sensitivity to ethanol exposure for a
given trait.

Data availability

DGRP lines are publicly available from the Bloomington stock center,
IN. Raw phenotypic data for line means are presented in Table SI.
Supplemental material is available at Figshare: https://doi.org/10.25387/
g3.6213629.

RESULTS

Variation in development time and viability of dgrp lines
upon ethanol exposure

We measured development time and egg-to-adult survival o201 DGRP
lines reared on standard medium and medium supplemented with 10%
ethanol. Viability was measured as the fraction of eggs that hatched and
developed to adults. We observed extensive variation in viability across
the lines, with overall reduced viability when flies were reared on ethanol
(Figure 1A). Analyses of variance show significant Line by Treatment
interactions, indicating that sensitivity to ethanol exposure as measured
by viability or development time is dependent on genetic background
(Tables S2 and S3). Broad sense heritability estimates were 0.54 for
growth conditions combined and 0.46 for growth on ethanol-supple-
mented as well as regular medium, showing a substantial genetic con-
tribution to the observed variation (Table S2). However, differences
between viability on regular food and ethanol-supplemented food var-
ied greatly for each individual line, indicating substantial variation in
sensitivity to developmental alcohol exposure (Figure 1A). The mean
viability for flies was 52% reared on standard medium and 20% on
ethanol supplemented medium. Sensitivity to ethanol, estimated as the
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Figure 1 Phenotypic variation and genome-wide associations for viability, development time and sensitivity to ethanol exposure among
201 DGRP lines. (A) Distribution histogram for variation in viability. (B) Distribution histogram for variation in development time. Blue symbols in
panels A and B indicate growth on standard medium and red symbols indicate growth on medium supplemented with 10% ethanol. The
differences between the two growth conditions, illustrated by the black connecting lines, represent the sensitivity to ethanol exposure. (C) GWA
analysis for viability for flies reared on regular food (top panel), ethanol-supplemented medium (middle panel) and the difference, reflecting
sensitivity (lower panel). (D) GWA analysis for development time for flies reared on regular food (top panel), ethanol-supplemented medium
(middle panel) and the difference, reflecting sensitivity (lower panel). Sensitivity to ethanol was determined as the difference in viability or
development time between flies grown on ethanol-supplemented and regular food. The X-axes in (C) and (D) indicate chromosomal locations.
The dashed lines correspond to the P < 10~ statistical threshold. Darker dots above the line indicate SNPs that pass the statistical threshold.

difference of survival between growth on ethanol-supplemented food
vs. standard food, ranged from 0 to 100%, with a mean of 37%.
Development time was measured as the number of days it takes for an
egg to develop to adult for 198 of the 201 lines that survived on both
ethanol-supplemented and standard medium. Mean eclosion time was
9.3 days for flies reared on standard food and 9.9 days (one half day later)
for flies reared on ethanol (Figure 1B). Surprisingly, while on average
flies grown on ethanol developed more slowly than those reared on
standard medium, some lines developed faster on ethanol-supple-
mented food (Figure 1B). Heritability estimates were ~0.3 for growth
on ethanol-supplemented as well as regular medium (Table S3). Again,
there was wide variation in sensitivity to ethanol exposure, ie., the
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difference between development time on ethanol-supplemented food
and regular medium. Whereas some lines appeared marginally or not at
all affected by this concentration of ethanol, three of the lines were not
viable. These lines were excluded from subsequent analyses. Sensitivity
of development time, calculated as the difference in mean development
time on ethanol-supplemented vs. standard food, ranged from -1.1 to
2.1 days, with an average sensitivity of 0.6 days (Figure 1B).

The correlation between sensitivity to ethanol exposure for viability
and development time was not statistically significant (r = 0.08, P =
0.25). However, we found significant positive correlations between de-
velopment time (r = 0.47; P < 0.0001) and viability (r = 0.48; P <
0.0001) on ethanol-supplemented vs. regular media (Figure S1).
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Phenotypic variation in startle-induced locomotor

activity after developmental ethanol exposure

To assess the effect of developmental alcohol exposure on sensorimotor
behavior, we measured startle-induced locomotor activity in a subset of
39 DGRP lines. On average, startle-induced locomotor activity was
higher when flies were reared on regular food and reduced when reared
on ethanol-supplemented medium, indicating compromised sensori-
motor function (Figure 2). We did not observe significant differences
between males and females on average, although there was significant
genetic variation in sexual dimorphism of locomotor behavior (Table
S4). The heritability estimate for the two growth conditions combined
was 0.64 (Table S4).

Gwa analyses for development time and viability

We performed single marker genotype-phenotype association analyses
using line means for viability and development time on regular and
ethanol-supplemented food, and for sensitivity for these traits using the
DGRP web portal (http://dgrp2.gnets.ncsu.edu). We tested 1,891,456
variants with minor allele frequencies greater than 0.05, after account-
ing for effects of Wolbachia infection, common polymorphic inver-
sions, and polygenic relatedness, and identified alleles associated with
alcohol sensitivity for development time and viability at a nominal
threshold of P < 107>. Quantile-quantile plots showed deviations of
observed from expected values at this significance level (Figure 1, C and
D, Figure S2).

Weidentified 26 polymorphisms in 19 genes associated with viability
on regular food, 47 variants located in or near 33 genes that were
associated with phenotypic variation in viability on ethanol
supplemented food, and 19 polymorphisms in or near 12 genes that
contribute to sensitivity of viability (Figure 1C, Table S5). There was no
overlap between these SNPs. Candidate genes associated with variation
in viability for all conditions represent Gene Ontology categories asso-
ciated with cell morphogenesis, axonogenesis, and neuron develop-
ment. At a relaxed P value < 5 x1075, the number of associated
SNPs increased to 284, located in or near 194 genes, and with more
input genes Gene Ontology enrichment analysis revealed neuron de-
velopment, nervous system development, chemotaxis, and organ mor-
phogenesis as significant categories (Table S6).

We identified 37 variants in 27 genes associated with variation for
development time when flies were reared on regular food, 30 polymor-
phisms located in or near 23 genes that were associated with variation for
development time on ethanol supplemented food, and 15 polymor-
phisms in or near 14 genes that contributed to variation in sensitivity of
development time (Figure 1D, Table S7). There was no overlap between
these SNPs. At P < 5x107° we identified 198 SNPs located in or
near 138 genes. Gene Ontology enrichment analysis revealed Wnt
signaling, signal transduction, tissue morphogenesis and neuron devel-
opment, associated with variation in developmental time on ethanol-
supplemented food (Table S8).

Functional analysis of candidate genes from the

gwa analyses

We conducted functional analyses of candidate genes using either
RNAi knockdown of gene expression or P{MiET1} insertional mutants
corresponding to candidate genes that harbor SNPs associated with
sensitivity to ethanol exposure for development time or viability at
P < 107° (Tables S5 and S7). To separate the effects of developmental
mutations from mutations affecting sensitivity to ethanol exposure, we
measured viability and development time on regular and ethanol-
supplemented media for the mutants and their corresponding controls.
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Figure 2 Reaction norms that illustrate variation in startle-induced
locomotor activity among 39 DGRP lines grown on regular and ethanol
supplemented media for females (A) and males (B). Colors represent
the different DGRP lines.

Among the nine mutants tested, five (56%) showed a significant
difference in viability from the control (Figure 3A; Table S9A).
Mutations in CG1440, CG6024, nuf and SKIP caused a decrease
in viability, while the CG43894 mutant significantly increased vi-
ability when grown on ethanol. This indicates that the wild type
CG43894 allele limits viability on exposure to ethanol. CG1440 is
predicted to be involved in proteolysis and response to toxic sub-
stance (Mi et al. 2010); nuf is associated with actin cytoskeleton
reorganization (Riggs et al. 2003; Cao et al. 2008); CG6024 and
(CG43894 have unknown functions. SKIP has been implicated in
sensory perception of smell (Tunstall et al. 2012).

We tested ten mutants/RNAi lines for effects of ethanol exposure on
development time, and found that eight of them showed a significant
difference between growth on ethanol and regular medium (Figure
3B; Table S9B). babl, CG17150 and Nek2 mutants showed an in-
crease in development time, while CG34351, dve, fd59A, Lim1 and
zormin developed faster on ethanol. These genes are involved in a
wide range of biological processes. babl is associated with cuticle
pigmentation (Kopp et al. 2000; Dembeck et al. 2015); dve is in-
volved in midgut (Nakagawa et al. 2011) and reproductive structure
development (Minami et al. 2012); fd59A plays role in controlling
egg-laying behavior (Lacin et al. 2014); Lim1 is associated with eye
development and regulation of transcription and gene expression
(Kojima et al. 2005; Roignant et al. 2010); CG17150 plays a role in
sperm competition (Karak et al. 2015); Nek2 contributes to regula-
tion of mitotic nuclear division (Prigent et al. 2005) and protein
phosphorylation (Schertel et al. 2013); CG34351 and zormin have
unknown functions.
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We asked to what extent the 254 genes (Tables S5 and S7) associated
with variation in viability on regular or ethanol-supplemented media as
well as sensitivity to ethanol at P < 5x10~5 participate in known gene-
gene interactions. We identified a network comprised of 42 interacting
candidate genes and 82 computationally recruited genes (Figure S3A).
Gene ontology analysis of 124 interacting genes showed significant
enrichment of organ and tissue morphogenesis, and cell development,
including nervous system and sensory organ development (Table S10).
CycE, fz, mam, msn and sgg were the most connected candidate genes.

Similarly, we assessed to what extent the 224 (Tables S3 and S5) genes
associated with variation in development time on regular or ethanol-
supplemented media as well as sensitivity to ethanol (i.e., the dif-
ference in development time between the two growth conditions) at
P < 5x105, participate in known gene-gene interactions. Here, we
identified a network of 39 interacting candidate and 44 computa-
tionally recruited genes (Figure S3). Gene ontology analysis of
83 interacting genes showed significant enrichment of genes asso-
ciated with cell development and nervous system development, or-
gan and tissue morphogenesis, and regulation of signal transduction
(Table S11). Bx, ft, kuz and sgg were the most highly connected
candidate genes.

The genetic interaction networks for viability and development time
(Figures S7 and S8) did not reach statistical significance individually.
However, since viability and development time are related traits, we
combined the candidate genes from both GWA analyses and constructed
a network using 461 input genes with a significance threshold of
P < 5x107> (Figure 4). This network was significant compared
to the probability of obtaining the same size network by chance
(P < 0.001) and consisted of 184 interconnected genes with 78 candidate
genes and 106 computationally recruited genes. For clarity, the net-
work depicted in Figure 4 shows only genes with three or more known
genetic interactions.

CycE, fz, ft, mam and msn were the most connected candidate genes.
CycE stands out with 49 genetic interactions. CycE is associated with
variation in viability of flies grown on ethanol-supplemented food, and
in the network for development it appears as a computationally recruited
gene (Figure 4A). This gene has previously been identified in a network
for variation in alcohol sensitivity of adult flies (Morozova et al. 2015).
Gene ontology analysis of 184 interacting genes from this combined
analysis revealed similar enrichment of developmental genes, including
development of sensory organs and oogenesis (Table S12).

Functional analysis of hub genes from the network

Next we assessed the effects on alcohol sensitivity of RNAi knockdown
of hub genes in the combined network analysis (Figure 4, B and C;
Table S9C and S9D). We measured both viability and development
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Figure 3 Functional validation of candidate
genes associated with variation in sensitivity to
ethanol exposure for viability (A) and devel-
opment time (B). Data are shown as differ-
ences between viability or development time
on ethanol-supplemented food vs. regular
food and presented as deviation from the ap-
propriate control = SE * P < 0.05; ** P <
0.001; =* P < 0.0001.

time for eight mutants of highly connected genes in the network (CycE,
Egfr, ft, fz, mam, msn, pbl and sgg). We assessed the effect of RNAi
knockdown for the hub genes CycE, sgg, mam and fz using a weak
Ubiquitin-GAL4 driver by qRT-PCR and found significant reduction
(10-30%) in expression levels in the RNAi knockdown background
compared to the control. Reduction in s expression has been con-
firmed previously (Fochler et al. 2017).

We determined sensitivity to ethanol as the differences in viability or
development time between flies grown on ethanol-supplemented food
and regular food (Figure 4). We confirmed functional associations for
sensitivity to ethanol for viability for CycE, Egfr, pbl and sgg, with Egfr
mutants showing increased viability when flies were grown on ethanol
containing food compared to regular medium. In contrast, sensitivity to
ethanol for development time increased for Egfr, f1, fz and pbl mutants,
which developed more slowly on ethanol food compared to regular
medium. We did not observe significant differences for either trait
for mam and msn mutants.

Finally, we used the same RN Al lines to evaluate pleiotropic effects of
the hub candidate genes on locomotion and adult ethanol sensitivity.
Adult flies exhibit altered behavioral responses when grown on ethanol-
supplemented medium, including changes in locomotor behavior and
sensitivity to ethanol vapors. We used two different assays to measure
locomotor behaviors, startle-induced locomotor reactivity and negative
geotaxis (Figure 5). Startle-induced locomotion showed antagonistic
sexual dimorphism with tendencies to decrease in males and increase
in females. However, in female mutants an increase in the startle re-
sponse was only significant for fz, whereas in male mutants statistically
significant declines in startle behavior were observed for CycE and ft
(Figure 5A). In contrast to startle behavior, negative geotaxis was
strongly affected in at least one sex of all mutant lines (Figure 5B). With
the exception of fz, the mutants became more active when grown on
ethanol. Knock-down time as a measure of alcohol sensitivity was
altered only in the CycE mutant males (Figure 5C).

Among candidate genes from the network depicted in Figure 4A,
92% have human orthologs and 18 of them formed a network of
interconnected candidate genes (P < 0.005; Figure 6). This network
is enriched for genes associated with signal transduction, regulation of
protein metabolic processes, and central nervous system development,
including brain development (Table S13).

DISCUSSION

We harnessed the power of natural variation captured by the Drosophila
melanogaster Genetic Reference Panel to identify genes and genetic
networks associated with sensitivity to developmental alcohol exposure.
Despite the limited size of the DGRP, we were able to identify allelic
variants at a lenient P-value. We could then use mutational analyses
using transposon-tagged mutants and RNAi to assess whether genes
that harbor these allelic variants affect the phenotype.
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Figure 4 A genetic interaction network for ethanol-dependent variation in viability and development time. (A) The network consists of candidate
genes identified by the GWA analysis at P < 5 x 107°. We identified 184 interconnected genes (P < 0.001) with 78 candidate genes and
106 computationally recruited genes, i.e., genes that were not identified in our study, but are known to interact with our candidate genes based
on published data curated in FlyBase. The network shows only genes with three or more known genetic interactions. The octagon shape in the
center indicates the most highly connected CycE gene with red lines highlighting its 54 nodal connections. Hexagons indicate the additional
highly connected genes mam, sgg and fz. Blue rectangular boxes indicate candidate genes identified by GWA analyses and gray boxes represent
computationally recruited genes. (B) Functional validation of highly connected candidate genes from the network analysis for viability. (C).
Functional validation of highly connected candidate genes from the network analysis for development time. * P < 0.05 and ** P < 0.001 indicates
a significant difference between sensitivity in RNAi knockdown lines grown on ethanol-supplemented food vs. regular food. Data are shown as
deviation from the appropriate control + SE.

A previous study also reported that flies grown on ethanol show
delayed development, decreased viability, reduced adult size, in-
creased locomotion, and resistance to ethanol vapors (McClure et al.
2011). Developmental delay and reduced viability in this study were
attributed to ethanol-mediated inhibition of the insulin signaling
pathway. Whereas we were able to document phenotypic variation
in locomotor behaviors that depend on sensorimotor integration
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among 39 DGRP lines, this sample did not provide enough power
for GWA analysis. Our study also did not identify variants in genes
of the insulin signaling pathway associated with variation in etha-
nol sensitivity in the DGRP, but instead identified a wide range of
developmental genes, in line with previous cell-based or animal
model studies (Mandal et al. 2015; Schambra et al. 2015; Fish
et al 2017).
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Examination of the genetic interaction network associated with
variation in developmental alcohol sensitivity identifies Cyclin E as a
central hub gene. The gene product of this highly interconnected gene
is a protein kinase associated with cell cycle regulation and oogenesis
(Richardson et al. 1993; Richardson et al. 1995; Sauer et al. 1995). CycE
regulation is crucial for proper S to G phase transition (Shcherbata et al.
2004). Expression of CycE is controlled by Myc, a transcriptional reg-
ulator implicated in the biosynthesis of ribosomes and important for
growth and proliferation during normal development (Gallant 2009;
Bellosta and Gallant 2010; Quinn et al. 2013). Thus, altered CycE tran-
script abundance could result in a wide range of phenotypic effects
through an indirect influence on ribosome biosynthesis and, hence,
protein synthesis. It is of interest to note that high levels of CycE

Figure 5 Pleiotropic effects of the hub candidate genes.
(A) Locomotor reactivity. (B) Locomotion. (C) Alcohol
sensitivity. Black bars indicate females, white bars in-
dicate males. Data are shown as deviation from
the appropriate control = SE * P < 0.05; ** P < 0.001;
=% P < 0.0001.

CycE

expression occur in ovaries, supporting the notion that developmental
exposure to ethanol in Drosophila could serve as a model for fetal
alcohol spectrum disorder.

Studies on rodents have proposed that prenatal alcohol exposure
can give rise to epigenetic modifications (Perkins et al. 2013; Brown
and Feng 2017; Chater-Diehl et al. 2017; Tulisiak et al. 2017). Future
studies in Drosophila can assess whether prenatal alcohol exposure
results in histone modifications that drive altered gene expression
and, if so, to what extent such modifications persist across
generations.

Human orthologs can be superimposed on genes contained
within the Drosophila genetic interaction network (Figure 6). More
than half of these have been previously implicated with effects of

Figure 6 A genetic interaction network of human

ROBO1 [ RAC1 ]J

HSP90AB1

ARHGEF12
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orthologs corresponding to Drosophila candidate
genes. Human orthologs were identified as counter-
parts to Drosophila genes depicted in Figure 4A. Blue
rectangles indicate genes previously implicated in alco-
hol-related phenotypes in model systems and humans.
The probability to obtain this network by chance is P <
0.005.
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developmental ethanol exposure in cell culture models (ERBB2,
RACI, ROBOI, SLITI (Tyler and Allan 2014); CDC42, CTNNBI,
HSP90ABI1, ROBOI1 (Garic et al. 2014));, in chicken embryos
(CTNNBI, CDC42, GSK3B, HSP90AB1, MYHI10 (Berres et al.
2017)); in human embryonic cells (RHOB (Mandal et al., 2015));
in a GWA study for alcohol dependence in people (CTNNBI, SLIT1
(Edenberg et al. 2010)); and in gene expression microarray analysis
of human frontal cortex (HSP90ABI (Lewohl et al. 2000); CULI (Liu
et al. 2016)).

In conclusion, exploration of the genetic underpinnings of devel-
opmental sensitivity to alcohol exposure in Drosophila has pinpointed
CycE as a central hub gene and identified human orthologs of Dro-
sophila candidate genes for future studies on human populations to
uncover risk alleles for FASD.
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