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ABSTRACT
The genetic basis of alcohol use disorder (AUD) is complex. Understanding how natural genetic vari-
ation contributes to alcohol phenotypes can help us identify and understand the genetic basis of AUD.
Recently, a single nucleotide polymorphism in the human foraging (for) gene ortholog, Protein Kinase
cGMP-Dependent 1 (PRKG1), was found to be associated with stress-induced risk for alcohol abuse.
However, the mechanistic role that PRKG1 plays in AUD is not well understood. We use natural vari-
ation in the Drosophila for gene to describe how variation of cGMP-dependent protein kinase (PKG)
activity modifies ethanol-induced phenotypes. We found that variation in for affects ethanol-induced
increases in locomotion and memory of the appetitive properties of ethanol intoxication. Further, these
differences may stem from the ability to metabolize ethanol. Together, this data suggests that natural
variation in PKG modulates cue reactivity for alcohol, and thus could influence alcohol cravings by dif-
ferentially modulating metabolic and behavioral sensitivities to alcohol.
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Introduction

Determining the mechanisms through which individual
genes influence natural variation in behavior has been diffi-
cult due to the complexity of the genetic basis of heritable
behavior. A notable exception to the genetic complexity
underlying behavior is the foraging (for) gene in Drosophila
melanogaster (Sokolowski, 1980). Variants of for show
increased (rovers or forR) or decreased (sitters or fors)
cGMP-dependent protein kinase (PKG) activity, which
affects food search behavior (Osborne et al., 1997). Rovers
show increased pathlength while foraging, whereas sitters
show decreased pathlength and stay longer at one food
source (Hughson et al., 2018; Sokolowski, 1980). for also
causes phenotypical pleiotropy in flies, in part due to mul-
tiple promotors driving expression in different cell types
(Allen, Anreiter, Vesterberg, Douglas, & Sokolowski, 2018),
and at different developmental stages (Brown et al., 2014;
Graveley et al., 2011; N�egre et al., 2011). The foraging gene
affects foraging behavior (Anreiter, Kramer, & Sokolowski,
2017; Anreiter & Sokolowski, 2018a; Pereira & Sokolowski,
1993; Sokolowski, 1980; de Belle & Sokolowski, 1987, Allen
et al., 2018), fat and glucose stores (Allen et al., 2018; Kaun,
Chakaborty-Chatterjee, & Sokolowski, 2008), food intake
(Allen, Anreiter, Neville, & Sokolowski, 2017; Kaun et al.,
2008), sucrose response (Belay et al., 2007; Scheiner,
Sokolowski, & Erber, 2004), sleep (Donlea et al., 2012),
habituation (Eddison, Belay, Sokolowski, & Heberlein, 2012;
Engel, Xie, Sokolowski, & Wu, 2000; Scheiner et al., 2004),

nociception (Dason et al., 2020), oviposition (McConnell &
Fitzpatrick, 2017), stress response (Caplan, Milton, &
Dawson-Scully, 2013; Dawson-Scully et al., 2010; Dawson-
Scully, Armstrong, Kent, Robertson, & Sokolowski, 2007), as
well as learning and memory (Engel et al., 2000; Kaun,
Hendel, Gerber, & Sokolowski, 2007; Kuntz, Poeck,
Sokolowski, & Strauss, 2012; Mery et al., 2007; Reaume,
Sokolowski, & Mery, 2011; Scheiner et al., 2004; Wang
et al., 2008).

Moreover, for’s role as a behavioral modifier in a wide
range of behaviors is conserved across species including Apis
mellifera (Heylen et al., 2008), Xenopus laevis (Robertson &
Sillar, 2009), Mus musculus (Armstrong, L�opez-Guerrero,
Dawson-Scully, Pe~na, & Robertson, 2010), Caenorhabditis
elegans (Fujiwara, Sengupta, & McIntire, 2002; Raizen et al.,
2008), and Homo sapiens (Sokolowski et al., 2017; Struk
et al., 2019). Given for’s conserved role, understanding the
mechanistic actions through which for affects behavior may
lead to insight regarding conserved functions of how natural
genetic variation alters behavior.

More recently, Protein Kinase cGMP-Dependent 1
(PRKG1), the human ortholog of for (Hu et al., 2011;
Sokolowski et al., 2017), was implicated in stress-induced
risk for alcohol abuse (Hawn et al., 2018; Polimanti et al.,
2018). A gene-by-environment genome-wide interaction
study (GEWIS) investigating mechanisms by which trau-
matic life events influence genetic variation in relation to
alcohol misuse, revealed several risk alleles for alcohol use
disorder (AUD) including PRKG1 (Polimanti et al., 2018).

CONTACT Karla R. Kaun karla_kaun@brown.edu Department of Neuroscience, Brown University, Box GL-N, Providence, RI 02806, USA
� 2021 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF NEUROGENETICS
https://doi.org/10.1080/01677063.2021.1931178

http://crossmark.crossref.org/dialog/?doi=10.1080/01677063.2021.1931178&domain=pdf&date_stamp=2021-06-04
http://orcid.org/0000-0002-8756-9528
http://www.tandfonline.com


Similarly, a genome-wide association study (GWAS) impli-
cated PRKG1 in other stressed induces phenotypes like post-
traumatic stress disorder (Ashley-Koch et al., 2015).

Other components of cGMP signaling have also been
implicated in alcohol-associated phenotypes. Consumption
of alcohol increases cGMP levels in the rat cortex, striatum
and hippocampus (Uzbay et al., 2004). Increasing cGMP lev-
els in the rat ventral tegmental area (VTA) or medial pre-
frontal cortex (mPFC) reduces the ability of alcohol
deprivation to enhance drinking, which is reversed by inhib-
iting PKG (Romieu, Gobaille, Aunis, & Zwiller, 2008).
Finally, deletion of PKG type II in mice reduces alcohol’s
sedative effects and increases alcohol consumption (Werner
et al., 2004). NO/cGC/cGMP/PKG signaling also causes neu-
roadaptive changes in synaptic activity, thereby affecting dis-
tinct forms of learning and memory, such as object
recognition, motor adaptation and fear conditioning
(Kleppisch & Feil, 2009; Renger, Yao, Sokolowski, & Wu,
1999; Wen, Zhang, & Zhang, 2018; Xu et al., 2015). This sig-
naling pathway similarly inhibits dopamine release in brain
regions that are involved in addiction (Guevara-Guzman,
Emson, & Kendrick, 1994; Samson, Bianchi, & Mogg, 1988;
Thiriet et al., 2001), and contributes to cocaine self-adminis-
tration (Deschatrettes, Romieu, & Zwiller, 2013) and mor-
phine induced neuroadaptation (Nugent, Penick, & Kauer,
2007). This compounding evidence suggests PRGK1 plays a
critical role in alcohol consumption, and calls for a better
understanding of for’s mechanistic role in alcohol
induced behaviors.

Drosophila has proven to be a valuable model organism
for identifying genes and elucidating mechanisms associated
with AUD (Engel, Taber, Vinton, & Crocker, 2019; Park,
Ghezzi, Wijesekera, & Atkinson, 2017; Petruccelli & Kaun,
2019). In addition to genomic, transcriptomic and proteomic
approaches, simple forward and reverse genetic approaches
can be performed to identify genes that affect alcohol-induced
behaviors, and to elucidate the cellular and molecular mecha-
nisms underlying candidate genes linked to AUD. Due to the
huge variety of genetic tools available in Drosophila, many
cell types, neural circuits and genes have been linked to an
alcohol phenotype (Acevedo, Peru y Colon de Portugal,
Gonzalez, Rodan, & Rothenfluh, 2015; Butts et al., 2019;
Claßen & Scholz, 2018; Ghezzi, Al-Hasan, Krishnan, Wang, &
Atkinson, 2013; Ghezzi, Krishnan, et al., 2013; Kong et al.,
2010; Lathen, Merrill, & Rothenfluh, 2020; Lee, Mathies, &
Grotewiel, 2019; Ojelade et al., 2015; Parkhurst et al., 2018;
Petruccelli et al., 2018; Pinz�on et al., 2017; Rodan &
Rothenfluh, 2010; Scaplen et al., 2019, 2020; Shalaby et al.,
2017; Shohat-Ophir, Kaun, Azanchi, Mohammed, &
Heberlein, 2012). Therefore, investigating for�s role in relation
to alcohol phenotypes in the fly might help to unravel the
function of PRKG1 in alcohol addiction in humans.

Material and methods

Fly stocks and rearing conditions

The following fly strains were used: fors (sitter), forR (rover)
and fors2. fors and forR flies carry the natural rover/sitter

polymorphisms in for. fors2 flies have a rover genetic back-
ground but carry a gamma radiation-induced mutation in
for that results in lower PKG activity levels and sitter behav-
ior in many of the for-related phenotypes (de Belle, Hilliker,
& Sokolowski, 1989; Osborne et al., 1997; Pereira &
Sokolowski). However, the fors2 mutant does not always
affect for-dependent phenotypes, and to our knowledge, spe-
cific alterations in DNA sequence as a result of the s2 muta-
tion are unknown (Camiletti, Awde, & Thompson, 2014;
Kent, Daskalchuk, Cook, Sokolowski, & Greenspan, 2009).
Flies were raised on standard cornmeal agar food media
with tegosept anti-fungal agent. Flies were kept at 24 �C and
65% humidity with a 14/10-h light/dark cycle. Male flies for
all strains were collected 1–2 days after hatching and used
for behavioral experiments at day 3–5 after eclosion.

Group activity

In order to analyze the ethanol-induced changes in activity,
we used a video based behavioral apparatus and software
that enables an automatic quantification of group locomo-
tion activity in Drosophila (Scaplen et al., 2019) (Figure
1(A)). The fly Group Activity Monitor (FlyGrAM) consists
of four circular arenas that are all individually connected to
an air and vacuum source to allow for a constant airflow
(Figure 1(A,B). Each arena is 37mm diameter, 2.5mm tall,
and covered with a clear acrylic sheet allowing the flies to
walk freely in the arena, but preventing them from flying.
Ten male flies (fors, forR or fors2) were placed in each circu-
lar arena and placed at 24 �C for 10min to provide time for
flies to adapt to the arena environment. Next, the arena with
the flies was placed in the tracking apparatus, and flies were
provided a constant humidified airflow of 115 units (�
1856ml/min for four arenas, thus �466ml/min per arena)
for 15min, which allowed their locomotion to decrease to a
stable baseline (Figure 1(A)).

Ten flies were gently placed via mouth pipette into each
arena, and initially provided humidified airflow for five
minutes to gain a measurement of baseline activity.
Subsequently, vaporized ethanol was introduced to the flies
in the arena by changing the gas flow-through to a mix of
ethanol:air ratio (high concentration: 50:65, low concentra-
tion: 10:105) for 10min. Finally, the airflow was shifted back
to 100% air for 10min (Figure 1(A)). The group activity of
the flies are automatically recorded for the entire duration
(Scaplen et al., 2019). Each experiment was replicated 8
times (n¼ 8 comprises 8 groups of 10 flies per group, thus
80 flies). In order to ensure no strain-specific effects were
due to a single arena and no spatial bias of placement within
the apparatus, the strains tested were counterbalanced across
arenas. Experiments were run at a steady temperature
around 24 �C± 1.5 �C in a dark chamber to reduce the influ-
ence of visual cues on group activity.

High content tracking

FlyGrAM videos were analyzed using Ctrax (Branson, Robie,
Bender, Perona, & Dickinson, 2009) to extract information
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about individual flies’ position, orientation and trajectories
(Figure 1(B)). The output of Ctrax tracking is an ellipse fit
to each fly within an arena throughout the experiment. It is
defined by the centroid, the fly’s orientation as well as the
length of two body axis, the minor and major body axis,
needed for the calculation of the perframe features. For
example, velocity is defined as the speed of the center of
rotation, being the point on the fly that translates the least
from one frame to the next. The velocity is calculated by the
magnitude of the vector between the fly’s center of rotation
in frames t� 1 to t, normalized by the frame rate (Branson
et al., 2009). This allowed us to gain information about the
velocity of the flies per frame. Total distance travelled (path-
length) before, during and after ethanol exposures was calcu-
lated as the integral of speed, i.e. summing the perframe
(30fps) velocities (mm/s) measured during 5min. JAABA
Classifiers (Kabra, Robie, Rivera-Alba, Branson, & Branson,
2013) were trained on the Ctrax perframe features to gain
information about specific social and locomotion behaviors:
Touch and Stop (Figure 1(C)). The JAABA learning algo-
rithm is fed with specific pre-defined behavioral classifiers in
order to scan across all frames for the classified behavior. In

this study we made use of the existing classifiers for stop-
ping and touching behavior introduced by Branson and col-
leagues (Kabra et al., 2013). To further analyze the effect of
ethanol on these behavioral features, the data was split into
4 phases each lasting 5min, baseline (0–5min), early ethanol
(5–10min), late ethanol (10–15min) and recovery
(15–20min). The Stop and Touch data was normalized to
the baseline behavior to detect changes in these features
caused by alcohol exposure.

Memory for cues associated with alcohol intoxication

To test whether for affected the ability to associate a cue
with ethanol, we exposed forR, fors and fors2 flies to two con-
secutive odor cues (1:36 isoamyl alcohol or ethyl acetate in
mineral oil) with the second odor paired with an intoxicat-
ing dose of 60% ethanol vapor (90:60 ethanol:air) (Kaun,
Azanchi, Maung, Hirsh, & Heberlein, 2011; Nunez, Azanchi,
& Kaun, 2018). Flies were exposed to 10min of the first
odor followed by 10min of the second odor, which is paired
with 60% ethanol vapor. Flies were trained three times with
50min breaks between each session. Flies were placed in

Figure 1. for does not affect spontaneous open field behavior. (A) The flyGrAM arena consists of 4 circular arenas each filled with 10 flies of different strains. Flies
were tracked while being given humidified air for 5min, ethanol for 10min, then humidified air for 5min. (B) Group activity within each arena was analyzed with
the FlyGrAM software while recording the flies during the behavioral paradigm. (C) Ctrax was used to estimate the position and orientation of the 10 flies in each
arena per frame. (D) The interactive machine learning for automatic annotation of animal behavior (JAABA) was fed per-frame feature information from Ctrax to
reveal information about social interaction of the flies. (E-J) Plots depict mean ± standard error. The spontaneous activity levels of flies given humidified air remain
at �15% and show no significant difference between strains. (G) Velocity of flies given humidified air for 5min is between 1–3mm/s with no significant difference
between strains. (H) Flies cover distances between 30–100cm in five minutes, with no significant differences between strains. (I) Less than 5% of the flies touch per
second when given humidified air, with no significant differences between strains. (J) More than 60% of the flies show stopping behavior per second when given
humidified air, with no significant differences between strains.
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perforated 14ml canonical tubes with mesh lids, and placed
in 30cmx15cmx15cm training boxes with passive vacuum
while being exposed to odors and ethanol vapor. To avoid a
naïve odor bias, reciprocal odor controls were run simultan-
eously. 30min or 24 h after training, flies were given a
choice between unpaired and paired odors in a Y-maze
(Nunez et al., 2018) (Figure 6(A)). A preference index was
calculated by subtracting the number of flies entering the
unpaired odor vial from the paired odor vial, and dividing
this number by the total number of flies tested (Kaun et al.,
2011). A conditioned preference index was calculated by
averaging the preference index of the two reciprocal training
sessions. 60 flies were used for each N¼ 1, 30 flies for each
reciprocal conditioning. N¼ 20–26 for each strain
per condition.

Alcohol metabolism

To investigate how the different for strains absorb and
metabolize alcohol, we exposed flies to 60% vaporized etha-
nol (90:60 ethanol:air) for 10min and measured internal
ethanol concentration immediately after or 30min after
ethanol exposure. The internal ethanol concentrations were
determined from whole fly homogenates of 50 flies per sam-
ple (Kaun et al., 2011). To measure the ethanol concentra-
tion, flies were first flash frozen in liquid nitrogen, and then
homogenized in 500 ml Tris-HCL (50mM, pH 7.5, Sigma),
followed by centrifugation at 4 �C at 14000 r.p.m. for
20min. Next, the ethanol concentration of the supernatant
was measured using an alcohol dehydrogenase-based spec-
trophotometric assay (Ethanol Assay Kit 229–29, Diagnostic
Chemicals) (Figure 7(A)). To set this data in relation and
thereby calculate the fly internal ethanol level, the flies vol-
ume was set to �2 ml (Berger et al., 2008).

Statistical analysis

For statistical analysis the locomotion activity data were split
in four phases, baseline (0–300 s), early ethanol (300–600 s),
late ethanol (600–900 s), and recovery (900–1200s). All early
ethanol, late ethanol and recovery data was normalized to
baseline. Data for activity, velocity, touch and stop for each
phase was averaged and analysed. Due to low sample size
(n¼ 8) in behavior tracking experiments, we used more con-
servative non-parametric tests for the statistical analysis.
This increased rigor, ensured consistency in analyses, and
allowed for easier comparisons between experiments. For
comparisons between the three non-paired strains, a Kruskal
Wallis test followed by Dunnett’s multiple comparisons was
performed. In order to analyze changes in behavior of each
strain over time (paired data), a Friedmann test followed by
paired Wilcoxon multiple comparisons was performed (n.s.
¼ p> 0.05, � ¼ p< 0.05, �� ¼ p< 0.01, ��� ¼ p> 0.001,
���� ¼ p< 0.0001). The statistical analysis was performed
in PRISM 7 (GraphPad).

Results

foraging does not affect open field behavior in the
absence of a stimulus

We first tested whether rovers (forR), sitters (fors) and sitter
mutants with a rover background (fors2) differ in spontan-
eous behavior in an open field arena without an ethanol
stimulus, which we termed ‘baseline’ (Figure 1(A,B)). We
found all for strains showed the same levels of group activity
(H(3, 24) ¼ 0.29, p¼ 0.8) (Figure 1(E,F)), velocity (H(3, 24) ¼
4.63, p¼ 0.1 (Figure 1(G)), touching (H(3, 24) ¼ 0.08,
p¼ 0.9) (Figure 1(I)) and stopping (H(3, 24) ¼ 0.4,
p¼ 0.8)(Figure 1(J)). The pathlength of fors2 flies was signifi-
cantly shorter compared to fors and forR (Figure 1(H)) (H(3,

24)¼7.88, p¼ 0.01). In general, flies showed a high percent-
age of stopping behavior (70%, Figure 1(J)), and only
around 4% of the flies in each arena interacted with each
other (Figure 1(I)).

foraging affects locomotion in response to an
ethanol odor

We then looked at whether for elicited foraging behavior in
response to a non-intoxicating ethanol dose similar to that
found in fermenting fruit (Levey, 2004). When the flies were
exposed to a non-intoxicating 10min exposure of 10:105
ethanol:air ratio, the percent of flies’ activity increased to up
to 40% in forR flies (p¼ 0.008) and only 25% in fors

(p¼ 0.008) and fors2 (p¼ 0.008) flies compared to baseline
activity levels (Figure 2(A)). forR flies demonstrated an
increased group activity throughout the 10-min ethanol
exposure whereas fors and fors2 flies steadily decreased activ-
ity over time, resulting in a significantly lower activity at the
end of ethanol exposure compared to forR flies (H(3,24)¼7.96,
p¼ 0.02, forR vs fors (p¼ 0.01), forR vs fors2 (p¼ 0.02))
(Figure 2(B)). Rovers travelled significantly longer distances
during low dose ethanol exposure compared to sitters
(0–5min: H(3,24)¼13.92, p< 0.0001, forR vs fors2

(p¼ 0.0006), 5–10min: H(3,24)¼13.72, p¼ 0.0011, forR vs fors

(p¼ 0.02), forR vs fors2 (p¼ 0.001)) (Figure 2(C)). forR flies
also show a significantly higher velocity over the time of low
dose ethanol exposure compared to fors and fors2 flies
(H(3,24)¼18, p¼ 0.0001, forR vs fors (p¼ 0.002),forR vs fors2

(p< 0.0001)) (Figure 2(D)). Our values are comparable to a
previous study that reported in the presence of food rovers
walked 36.17 cm/30 s (361.7 cm/5min), and sitters walked
17.38 cm/30 s (173.8 cm/5min), suggesting that the low dose
ethanol here represents a food-like odor to the fly (Levey,
2004; Pereira & Sokolowski, 1993).

Ethanol odor increased touching (forR (p¼ 0.008), fors

(p¼ 0.02), fors2 (p¼ 0.04)) and decreased stopping (forR

(p¼ 0.008), fors (p¼ 0.008), fors2 (p¼ 0.008)) in all strains
(Figure 2(E,F)). for did not significantly affect touching (H(3,

24)¼1.665, p¼ 0.43) (Figure 2(E)). However, rovers stopped
significantly more than sitters after five minutes of ethanol
exposure (H(3,24)¼9.38, p¼ 0.009, forR vs fors (p¼ 0.03), forR

vs fors (p¼ 0.02)) (Figure 2(F)).
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foraging does not affect behavior post-ethanol
odor stimulus

We hypothesized that once the ethanol odor stimulus was
removed, all strains would recover to baseline behavior, result-
ing in no differences in behavioral measures between the three
for strains. As predicted, there were no significant differences in
group activity between rovers and sitters (Figure 3(A)) (forR vs
fors (p¼ 0.06), forR vs fors2 (p> 0.99)). Although there was a
reduction in pathlength (H(2,24)¼15.7, p¼ 0.0004), and velocity
(H(3, 24)¼15.61, p¼ 0.0004) in fors2 flies, and in stopping in fors

flies (H(3, 24)¼9.97, p¼ 0.007), there were no consistent signifi-
cant differences between forR and the two sitter strains in any
of the metrics reported, so we do not attribute these differences
to variation in for (Figure 3(A–F)). There were no significant
differences in touching between the three strains (H(3, 24)¼3.55,
p¼ 0.17) (Figure 3(E)).

foraging affects ethanol-induced increases
in locomotion

We next investigated how variants of for affected these behav-
ioral metrics in response to a dose of ethanol that typically
induces sustained increases in locomotor activity (Scaplen
et al., 2019), by exposing the flies to a 50:65 ethanol:air mix-
ture (43% ethanol vapor) for 10min. Sitter strains increased
group activity by 40% (fors (p¼ 0.008), fors2 (p¼ 0.008)
whereas rovers only showed 30% activity increase (forR

(p¼ 0.02) compared to baseline (Figure 4(A)). During ethanol
exposure, forR flies showed a significantly lower activity than
sitters (H(3, 19)¼10.9, p¼ 0.004, forR vs fors (p¼ 0.006), forR

vs fors2 (p¼ 0.04)) (Figure 4(B)). However, forR did not show
significantly less distance moved (p> 0.9) or velocity (p> 0.9)
compared to fors. fors2 flies showed significantly reduced path-
length (H(3,19)¼12.33, p¼ 0.0002) and velocity compared to
fors and forR flies (H(3,19)¼9.47, p¼ 0.004), but since forR flies
did not differ from both sitter strains, we do not attribute
these differences to variation in for.

This dose of ethanol increased touching (forR (p¼ 0.02),
fors (p¼ 0.03), fors2 (p¼ 0.04)) (Figure 4(E)) and decreased
stopping (forR (p¼ 0.03), fors (p¼ 0.03), fors2 (p¼ 0.04)) in
all strains (Figure 4(F)). During early ethanol exposure, forR

flies showed significantly more touching (H(3, 19)¼12.19,
p¼ 0.0002) than fors2 (p¼ 0.002), whereas this effect trended
towards significance with fors (p¼ 0.06). In contrast, forR

flies showed significantly more touching (H(3, 19)¼6.53,
p¼ 0.03) than fors (p¼ 0.04) but not fors2 (p¼ 0.2) during
late ethanol exposure (Figure 4(E)). forR flies showed signifi-
cantly more stopping (H(3,19)¼9.17, p¼ 0.005) than fors

(p¼ 0.01, p¼ 0.04) but not fors2 (p¼ 0.1, p¼ 0.9) flies dur-
ing early and late high-dose ethanol exposure (Figure 4(E)).

foraging affects recovery from the pharmacological
properties of ethanol

We hypothesized that since for affected the percent of flies
active during ethanol intoxication, it may also affect recovery
from the pharmacological properties of ethanol. Indeed, sig-
nificantly fewer rover flies were active compared to sitters
after the offset of ethanol (H(3, 19)¼14.22, p¼ 0.0008, forR vs
fors (p¼ 0.0009), forR vs fors2 (p¼ 0.02)) (Figure 5(A,B)).

Figure 2. for affects activity in response to ethanol odor. (A,B) During the period of low-dose ethanol exposure, the activity for fors and fors2 decreased, whereas
the activity level of forR stayed the same. (C) forR traveled significantly longer distances during low dose ethanol exposure compared to fors and fors2 flies. (D) forR

showed a significantly higher velocity compared to fors and fors2 flies. (E,F) Touching behavior increased for all strains compared to open field behavior whereas
stopping behavior significantly decreased to less than 60% of the flies stopping per second. forR stopped significantly less than fors and fors2 flies. Plots depict mean-
± standard error n.s.¼p> 0.05, �¼p< 0.05, ��¼p< 0.01, ���¼p> 0.001, ����¼p< 0.0001.
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However, forR flies moved significantly more distance than
fors2 flies (p¼ 0.04) but not fors flies (p> 0.9) (Figure 5(C)).
forR pathlengths returned to baseline within 5min of recov-
ery (p¼ 0.4), which was not the case for fors (p¼ 0.03) or
fors2 (p¼ 0.03). Similarly, forR flies moved significantly faster
than fors2 flies (p¼ 0.03) but not fors flies (p> 0.9) (Figure
5(D)). These activity and locomotion metrics suggest that
the 50:65 ethanol:air dose did not sedate the flies, and that
rovers recover from the pharmacological properties of etha-
nol faster than sitters.

Touching behavior remained higher than baseline levels
for all strains (forR (p¼ 0.02), fors (p¼ 0.03), fors2

(p¼ 0.04)), and was significantly greater in forR flies than
fors2 (p¼ 0.01) but not fors flies (p> 0.9) (Figure 5(E)). forR

flies stopping behavior returned to baseline levels (p¼ 0.6)
whereas fors (p¼ 0.03) and fors2 (p¼ 0.03) flies continued to
show significantly less stopping compared to baseline
(Figure 5(F)). forR flies showed significantly more stops (H(3,

19)¼11.93, P¼ 0.0002) than fors (p¼ 0.003) and fors2

(p¼ 0.04) flies (Figure 5(F)).

foraging affects reward memory for a cue associated
with ethanol

We next hypothesized that the alcohol behavioral sensitivity
differences between rovers and sitters would influence how

for affects memory for an odor cue associated with ethanol
(Figure 6(A,B)). Typically flies demonstrate aversive memory
for ethanol when tested within 9 h after training, and an
appetitive memory when tested 15 h or more after training
(Kaun et al., 2011). Since for has been shown to affect both
short-term and long-term memory, we hypothesized that
forR would show increased 30-min aversive memory and
reduced 24-h appetitive memory compared to fors and fors2.
No statistical differences were found between strains when
flies were tested 30min after training (H(3,71)¼0.63, p¼ 0.73)
(Figure 1(C)). However, 24 h after training, forR flies show
reduced memory for ethanol compared to fors and fors2 flies
(H(3,71)¼10.27, p¼ 0.006, forR vs fors (p¼ 0.03), forR vs fors2

(p¼ 0.002)) (Figure 1(D)). No statistical differences were
identified in the ability of the strains to smell the odors used
in the conditioning assay (IAA(H(3,24)¼3.79, p¼ 0.15),
EA(H(3,24)¼1.28, p¼ 0.53)) (Figure 1(E)).

foraging affects ethanol metabolism

Since for affects a number of metabolic phenotypes (Allen
et al., 2018; Kaun et al., 2007; Kaun et al., 2008) we
hypothesized that the observed behavioral differences
between rovers and sitters may stem from the ability to
metabolize ethanol differently. Therefore, we tested the
internal ethanol levels right after ethanol exposure and after

Figure 3. for does not affect recovery from ethanol odor exposure. (A,B) During presentation of humidified air following exposure to low-dose ethanol, the group
activity returned to baseline activity with �300 s, with no significant differences between strains. (C) The total distance travelled (pathlength) after low-dose ethanol
exposure returns to baseline behavior in forR and fors2 flies, whereas fors flies still show an increase pathlength compared to baseline. (D) The velocity after low-
dose ethanol exposure returns to baseline behavior in forR and fors2 flies, whereas fors flies still show an increase velocity compared to baseline. (E,F) Touch and
Stop behavior recover within minutes of humidified air post ethanol odor. fors flies demonstrate less stopping than both forR and fors2 flies. Since there were no con-
sistent differences between rovers and the two sitter strains in any of the metrics reported, we do not attribute these behavioral differences to variation in for. Plots
depict mean ± standard error n.s.¼p> 0.05, �¼p< 0.05, ��¼p< 0.01, ���¼p> 0.001, ����¼p< 0.0001.
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30min of recovery. We found that forR flies absorb ethanol
at the similar rate (H(3,27)¼1.87, p¼ 0.39) (Figure 7(B)), but
metabolize ethanol faster than fors and fors2 flies
(F(3,20)¼13.6, p< 0.0001, forR vs fors (p¼ 0.003), forR vs fors2

(p¼ 0.02)) (Figure 7(C)).

Discussion

We found that for affects alcohol induced locomotion (path-
length, velocity, percent activity, and stopping), cue-associ-
ated memory for the intoxicating properties of ethanol, and
ethanol metabolism. We first recapitulated previously pub-
lished work demonstrating that rovers move more than sit-
ters in response to a food stimulus. Rovers showed
significantly longer pathlength and moved faster compared
to the sitter strains in response to a low-dose ethanol odor.
This is consistent with previous work describing how rovers
walk longer distances while searching for food whereas sit-
ters tend to stay at one food source once they find it (de
Belle & Sokolowski, 1987).

In contrast to these ethologically-relevant ethanol odor
responses, we found that a pharmacologically-relevant etha-
nol concentration induces a sustained increase in the num-
ber of flies active within a group of sitters, but not rovers.
However, rovers move similar distances and at the same
speed as sitters under these conditions and stop less than sit-
ters. This suggests that sitters are more sensitive than rovers
to pharmacologically relevant stimulating doses of ethanol.
This behavioral phenotype is consistent with the slower

return to baseline levels after removal of an ethanol stimu-
lus, and with a slower metabolism of ethanol in sitters.

Here we also showed that the foraging gene affects mem-
ory for the intoxicating properties of ethanol, since rovers
show reduced preference for an ethanol associated odor cue
24 h after the association. This is consistent with known
roles of for in learning and memory. Rover larvae are better
able to acquire and remember three but not eight odor-
sucrose pairings compared to sitter larvae (Kaun et al.,
2007). Similarly, adult rover flies have better short-term
olfactory memory, but worse long-term olfactory memory
than sitters (Mery et al., 2007). This phenotypic difference is
also seen in visual learning paradigms and is conserved in
mammals (Feil et al., 2003; Paul et al., 2008). Rovers also
show higher retroactive interference, which occurs when the
retrieval of previously learned information is less available
owing to the acquisition of recently acquired information
(Kuntz et al., 2012; Reaume et al., 2011; Z. Wang
et al., 2008).

In the case of ethanol reward memory in Drosophila, we
speculate that the difference in ethanol sensitivity between
for strains alters perception of the intoxicating experience,
causing reward to be processed differently in rovers and sit-
ters. This may explain why for does not affect aversive
short-term memory for ethanol, as this type of memory is
not dependent on intoxicating concentrations of ethanol
(Nunez et al., 2018). Since for affects sensitivity to sucrose
and other food substances, altering perception of the reward
stimulus may be a more general mechanism through which
PKG influences alcohol preference (Hughson et al., 2018;

Figure 4. for affects behavioral sensitivity to the pharmacological properties of ethanol. (A) The percent activity in response to a high dose of ethanol increases to
�35% for rovers and � 45% for sitters. (B) During high dose ethanol exposure the group activity of forR is significantly lower than fors and fors2 flies. (C) fors2 flies
move a significantly smaller distance than forR and fors flies. (D) fors2 flies are significantly slower than forR and fors flies. (E,F) All strains showed increased touching
and decreased stopping during high-dose ethanol exposure. (E) forR showed significantly more touching than fors2 in the first 5min of ethanol exposure, and signifi-
cantly more touching than fors in the second 5min of ethanol exposure. (F) forR showed significantly more stopping than fors flies throughout high dose ethanol
exposure. Plots depict mean ± standard error. n.s.¼p> 0.05, �¼p< 0.05, ��¼p< 0.01, ���¼p> 0.001, ����¼p< 0.0001.
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Kent et al., 2009). Alternatively, as for also affects alcohol-
induced increases in activity, this change in behavior could
be affecting memory acquisition independent of reward per-
ception. In support of this, for would not likely affect the
behavioral choice during the memory test since the flies are
no longer intoxicated during odor choice (Figure 6(A)) and
for does not appear to significantly affect preference for the
odors used (Figure 6(E)).

Ethanol sensitivity has been associated with greater con-
sumption and risk for developing an AUD (Schuckit, 2018;
King, McNamara, Hasin, & Cao, 2014; Piasecki et al., 2012).
In humans and rodents, sensitivity to the effects of alcohol
intoxication is partially influenced by genes, and reduced
sensitivity predicts the development of AUD (Crabbe,
Belknap, & Buck, 1994; Schuckit, 1994a, 1994b). Thus, both
heightened alcohol stimulation and reward sensitivity, and
lower sensitivity to alcohol sedation robustly predicts more
AUD symptoms over time in humans (King et al., 2014;
Schuckit, 1994b). Studies in Drosophila recapitulate this,
where genes influence the level of response to an intoxicat-
ing dose of ethanol (Kong et al., 2010; Morozova et al.,
2009, Morozova, Anholt, & Mackay, 2007; Scholz, Ramond,
Singh, & Heberlein, 2000; Singh & Heberlein, 2000).
Genome-wide association studies (GWAS) for alcohol sensi-
tivity using the sequenced, inbred lines of the Drosophila
genetic reference panel (DGRP) together with quantitative
trait locus (QTL) mapping in an advanced intercross out-
bred population derived from sensitive and resistant DGRP

lines, revealed 247 candidate genes affecting alcohol sensitiv-
ity, 58 of which, including the foraging gene, form a genetic
interaction network (Morozova et al., 2015).

Notably, our work did not demonstrate a consistent effect
of for on touching. Although we observed a small trend
where rovers demonstrated increased touching compared to
sitters in the high-ethanol context (Figure 4(E)), this trend
was not observed in any other behavioral contexts.
Relatedly, for affected locomotion in the presence of a food
odor in a similar way in our group assay as it did when flies
are isolated in previously published studies (J Steven de
Belle & Sokolowski, 1987; Pereira & Sokolowski, 1993). Our
lack of findings here was surprising as for affects social
behaviors including aggregation behavior (Philippe et al.,
2016) and aggression (S. Wang & Sokolowski, 2017), and
influences behaviors that are dependent on a social context
such as olfactory learning (Kohn et al., 2013), and ovipos-
ition (McConnell & Fitzpatrick, 2017), Similarly, for ortho-
logues influence social behaviors in other taxa including
bees (Ben-Shahar, Robichon, Sokolowski, & Robinson, 2002,
Ben-Shahar, Leung, Pak, Sokolowski, & Robinson, 2003;
George, Br€oger, Thamm, Brockmann, & Scheiner, 2020),
wasps (Wenseleers et al., 2008) and ants (Ingram, Oefner, &
Gordon, 2005; Lucas & Sokolowski, 2009). Our results failed
to demonstrate an observed decrease in social dynamics in
rovers compared to sitters that was recently observed in a
similar assay (Alwash, Allen, Sokolowski, & Levine, 2021)
We speculate that sensory cues necessary for spontaneous

Figure 5. for affects recovery from the pharmacological properties of ethanol. (A) During exposure to humidified air following an intoxicating dose of ethanol, fly
activity decreases more rapidly in forR than in fors or fors2 flies. (B) Significantly fewer forR flies were active compared to fors and fors2 flies. (C) There is significantly
reduced (C) pathlength and (D) velocity in fors2 flies compared to forR and fors flies (E) Touching behavior remained higher than baseline levels for all strains, and
was statistically reduced in fors2 compared to forR flies (F) forR stopping behavior returned to baseline levels whereas fors and fors2 flies continued to show signifi-
cantly less stopping compared to baseline. Plots depict mean ± standard error. n.s.¼p> 0.05, �¼p< 0.05, ��¼p< 0.01, ���¼p> 0.001, ����¼p< 0.0001.
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social behaviors may have been obscured in our paradigm
by a constant flow of hydrated air or odors through the
behavioral chambers. This suggests that our behavioral para-
digm was not optimal for identifying how for affected social
behavior, or how social context could influence for-depend-
ent behaviors.

Taken together, the work here contributes to a mechanis-
tic understanding of alcohol sensitivity as indication for
AUD by demonstrating how natural variation in metabolic
phenotypes can impact behavioral response to an addictive
substance. Our data predict that variants of for with lower
PKG activity in other species will show increased ethanol
sensitivity, and increased lasting ethanol preference. This is
consistent with results on the role of PKG in ethanol-
induced behaviors from rodent models, suggesting the
effects of PKG on alcohol behaviors are highly conserved.
cGMP-dependent protein kinase type II (cGKII) knockout
mice showed elevated alcohol preference in a 2-bottle free
choice test (Werner et al., 2004), demonstrating that reduc-
tion in PKG is associated with increased alcohol preference
in both mice and flies. Moreover, cGMP activates nitric
oxide, which inhibits dopamine release in the striatum in
rats resulting in decreasing reward response for alcohol
(Guevara-Guzman et al., 1994; Romieu et al., 2008). These

studies are consistent with rovers showing decreased ethanol
preference, as they have higher PKG activity than sitters.
Whether this is the mechanism through which variation in
PRKG1 increases risk for alcohol abuse in humans remains
to be seen (Hawn et al., 2018; Polimanti et al., 2018).
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