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ABSTRACT

Many insect species exhibit basal social behaviors such as aggregation, which play important roles in
their feeding and mating ecologies. However, the evolutionary, genetic, and physiological mechanisms
that regulate insect aggregation remain unknown for most species. Here, we used natural populations
of Drosophila melanogaster to identify the genetic architecture that drives larval aggregation feeding
behavior. By using quantitative and reverse genetic approaches, we have identified a complex neuro-
genetic network that plays a role in regulating the decision of larvae to feed in either solitude or as a
group. Results from single gene, RNAi-knockdown experiments show that several of the identified
genes represent key nodes in the genetic network that determines the level of aggregation while feed-
ing. Furthermore, we show that a single non-coding variant in the gene CG74205, a putative acyltrans-
ferase, is associated with both decreased mRNA expression and increased aggregate formation, which
suggests that it has a specific role in inhibiting aggregation behavior. Our results identify, for the first
time, the genetic components which interact to regulate naturally occurring levels of aggregation in D.
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Introduction

Group formation is one of the simplest forms of social inter-
action exhibited by individual animals. However, the genetic
and physiological mechanisms underlying group formation
are largely unknown for most species. Drosophila mela-
nogaster larvae form simple cooperative group aggregates
while feeding, which has been hypothesized to increase their
fitness by providing defense against predation, as well as
enabling individuals to communally digest food substrates
more easily (Prokopy & Roitberg, 2001; Sokolowski, 2010;
Wu et al, 2003). Previous studies have suggested that in
Drosophila and several other insect species, the formation
and maintenance of larval aggregation is primarily regulated
by the chemosensory detection of aggregation pheromones,
as well as other sensory modalities (Leonhardt, Menzel,
Nehring, & Schmitt, 2016; Louis & de Polavieja, 2017;
Rooke, Rasool, Schneider, & Levine, 2020; Steiger & Stokl,
2017; Symonds & Wertheim, 2005; Thibert, Farine, Cortot,
& Ferveur, 2016). Specifically, in D.melanogaster, at least two
pheromones produced by larvae have been shown to act as
chemoattractants (Mast, De Moraes, Alborn, Lavis, & Stern,
2014). However, the downstream neural and genetic path-
ways that regulate larval aggregation behavior remain
largely unexplored.

The decision of individual larvae on whether to aggregate
while feeding is likely regulated by the interplay between
attractive and repulsive signals directly emitted by other
conspecifics, or indirectly via feeding-related chemical

changes of the consumed food. Indeed, it has been shown
that food patch choice is influenced by the presence of other
larvae, and the decision to choose one food patch over
another is a function of group size (Durisko & Dukas, 2013;
Lihoreau, Clarke, Buhl, Sumpter, & Simpson, 2016) and gen-
etics (Allen, Anreiter, Neville, & Sokolowski, 2017;
Fitzpatrick, Feder, Rowe, & Sokolowski, 2007; Kaun, Hendel,
Gerber, & Sokolowski, 2007; Kaun, Riedl, et al., 2007).
However, although some conserved peptidergic signaling
pathways have been shown to regulate aggregation in
Drosophila larvae (Wu et al., 2003), most signals and down-
stream neuronal and genetic pathways that regulate group
size via attractive and repulsive signals, remain unknown.

Understanding the genetic architecture that underlies
insect aggregation is important not only for deciphering the
biological principles that drive social decision making in
general but would provide insight into means of offsetting
the economic impact of insect pests. To address this import-
ant question, we used the Drosophila genetic reference panel
(DGRP; Mackay et al, 2012) to identify genetic variations
associated with the extent of larval feeding aggregate size. By
combining a genome-wide, quantitative genetics approach
with single gene manipulations, we have identified several
key genes that contribute to group size in natural popula-
tions of Drosophila larva. Our results highlight the utility of
D. melanogaster for understanding the genetics of group for-
mation and provide several genetic targets for further
research on this topic.
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Materials and methods
Animals

All fly lines were reared on standard corn syrup-soy food
(Achron Scientific), and kept under a 12h:12h light:dark
schedule at 25°C and 60% humidity. Lines from the DGRP
(Mackay et al, 2012) used in this study are available from
the Bloomington Drosophila Stock Center (BDSC,
Bloomington, IN). The elav-GAL4 and tubulin-GAL4 lines
were from the Bloomington Drosophila Stock Center. UAS-
RNAI targeting specific candidate genes were from either the
Vienna Drosophila Resource Center (VDRC) or the BDSC
TRiP collection (Dietzl et al., 2007; Perkins et al, 2015).
Because these two UAS-RNAi collections were generated by
using different genetic backgrounds and expression vectors,
the parental GAL4 and UAS lines were used as wild type
controls for F1 VDRC crosses (Figure 4(A)), and the
GAL4 > UAS-VALIUM10.GFP (BDSC # 35786) F1 controls
for TRiP crosses. All fly lines used in this study, along with
their stock numbers and genotypes, are listed in
Supplemental Table S1.

Larval aggregation assays

Twenty-five to thirty adult flies, evenly distributed with
males and females, were transferred to 25 ml vials containing
standard corn syrup-soy food (Archon Scientific, Raleigh,
NC), and females were allowed to lay eggs for 24h. The
adult flies were disposed of, and the vials were incubated at
25°C for four days until healthy groups of larvae were vis-
ibly feeding. Larvae were extracted from the vials by pouring
15ml of 15% sucrose solution (w/v) into each vial and gen-
tly agitating the food until the larvae floated to the surface
and were able to be removed using a small spatula. Larvae
were rinsed 2x with 1.5ml of 15% sucrose solution to
remove any remaining food from the larvae. Subsequently,
30 second/thirdinstar larvae were placed onto the center of a
60mm petri dish containing 20% apple juice (v/v) and 1%
agar (w/v) en masse and allowed to roam the plate freely for
15min. A picture of the plate was then taken (Figure 1(A)),
and the fraction of aggregating larvae was calculated as
described below. All behavioral assays were conducted at
25°C and 70% humidity. Although age can affect levels of
larval foraging and aggregation behaviors (Durisko, Kemp,
Mubasher, & Dukas, 2014; Sawin-McCormack, Sokolowski,
& Campos, 1995), in our assay, mixed second and third
instar larvae aggregate at similar levels to groups of only 3rd
instar larvae (Figure 1 and Supplemental Figure S1).

Larval groups were defined as an ‘aggregate’ if two or
more larvae were both (i) in physical contact with one
another and (ii) burrowing into the agar plate. To calculate
the fraction of larvae that were aggregating, we summed the
number of larvae forming aggregates and divided it by the
total number of larvae observable from the picture taken at
the end of the test period. Any larvae that had roamed off
the agar plate were excluded from the total number of larvae
used for calculating their aggregation score.

Genome wide association study

A total of 4-9 behavioral assays were conducted for each
DGRP line, and the mean proportion of aggregating larvae
was used for comparison in a genome wide association study
(GWAS). A linear regression model was run using the
easyGWAS analysis package specifically designed for analyz-
ing the DGRP GWAS data (Grimm et al, 2017), with
default statistical parameters, to search for genotype by
phenotype associations. A total of 2,370,987 single nucleo-
tide polymorphisms (SNPs) from each of 48 DGRP lines
were included in the GWAS, after filtering out any SNPs
that were of the same genotype across all lines. Linkage dis-
equilibrium and minor allele frequencies (MAF) were calcu-
lated using the PLINK package (Purcell et al., 2007).

Gene networks

GeneMANIA was used to predict a functional gene inter-
action network for all genes identified in the initial GWAS
containing SNPs with a p values of less than 10—4.5
(Warde-Farley et al, 2010). A gene was said to contain a
SNP if the SNP occurred within +500 base pairs of its cod-
ing exons as annotated in the Drosophila reference genome
(version 5.57, FB2014 03). Subsequently, co-expression, co-
localization, shared protein domains, and protein-protein
interactions were used to calculate the gene interaction net-
work, and up to 20 genes that were not identified as signifi-
cant in the GWAS were allowed to be added to the network.
Genes added to the network were selected such they maxi-
mized the number of connections between genes already
present in the network (Warde-Farley et al., 2010).

Gene ontology analysis

Genes containing SNPs with a p values of less than
10 — 4.5were screened for functionally-enriched gene ontolo-
gies using the bioprofiling.de servers ProfCom framework
(Antonov et al., 2008). All genes included in the functional
gene interaction network were also screened for functionally
enriched gene ontologies using GeneMANIA (Warde-Farley,
et al., 2010). The gene interaction network included 20 add-
itional genes that did not contain significant SNPs; the gene
ontology (GO) terms (The Gene Ontology, 2019) found to
be associated with this network are therefore more general
to a set of genes commonly found to interact with one
another, rather than those specifically identified in
the GWAS.

Real time quantitative reverse transcription polymerase
chain reaction (RT-qPCR)

mRNA was collected from groups of 10 whole larvae
(n=3-4 replicates per line) using Trizol (Thermo Fisher,
Waltham, MA) and reverse transcribed to ¢cDNA using
SuperScript III Reverse Transcriptase (Thermo Fisher). Sybr
Green (Thermo Fisher) was used to amplify and quantify
expression levels for all genes containing significant SNPs
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Figure 1. Variation in levels of aggregation between natural populations of Drosophila. (A) An image of a DGRP line (Line 75) that showed low levels of aggregation
and (B) an image of a DGRP line (Line 101) that showed high levels of aggregation. White arrowheads point to groups of aggregating larvae. (C) Boxplots represent
the median (horizontal line), with the box representing the 25 and 75th percentiles and the whiskers the 5 and 95th percentiles of the proportion of aggregating
larvae for each of the 48 DGRP lines that were included in the GWAS (n = 5-9 replicates per line). Circles represent individual data points. DGRP lines with either
low (‘Low’) or high (‘High’) levels of aggregation that were used in subsequent analyses are labeled by arrows and their DGRP line number.

identified in the GWAS. Expression values were calculated
relative to the rp49 control gene using the delta delta Ct
method, as we have previously described (Ben-Shahar, Lu,
Collier,  Snyder,  Schnizler, = Welsh,  2010;  Ben-
Shahar,Nannapaneni, Casavant, Scheetz, & Welsh, 2007; Hill
et al, 2017; Hill & Ben-Shahar, 2018; Hill, Jain, Folan, &
Ben-Shahar, 2019; Lu, LaMora, Sun, Welsh, & Ben-Shahar,
2012; Vernier et al., 2020; Vernier, Krupp, Marcus, Hefetz,
Levine, & Ben-Shahar, 2019). All RT-qPCR primers used in
this study are listed in Supplemental Table S2.

CG14205-GAL4 transgenic flies

An approximately 3 kbp (X:19590171-19593107) region of
the CG14205 promoter was synthesized by Integrated DNA
Technologies, Inc (IDT, Coralville, IA) and placed into the
pUCIDT-ampR plasmid (IDT). We subcloned this region
into the pENTR-1A plasmid (Thermo Fisher) using Kpnl
and Xhol restriction sites on either side of the promoter,
and then used Gateway cloning (Thermo Fisher) to move

the promoter into the pBPGAL4.2:p65 plasmid (Addgene
#26229) (Pfeiffer et al., 2010). This plasmid was subsequently
injected into BDSC line #24483 (RainbowGene Inc.), and
positive offspring were identified and back-crossed into
w''® following our standard protocols (Ben-Shahar et al,
2010; Hill et al, 2017; Hill, Jain, Folan, & Ben-Shahar, 2019;
Lu et al, 2012; Zheng, Valakh, DiAntonio, & Ben-Shahar
2014). The CGI14205-GAL4line was crossed with UAS-
mCD8::GFP (BDSC #32188) and imaged in third-instar lar-
vae (Ben-Shahar et al, 2010; Ben-Shahar et al., 2007; Hill
et al, 2017; Lu et al, 2012; Sovik et al, 2017; Sun
et al., 2009).

Results
Genetic variation underlying group formation

As D. melanogaster larvae develop, they exhibit a gradual
increase in aggregation behavior (Wu et al., 2003). However,
the overall genetic architecture that drives the quantitative
aspects of larval aggregation remains largely unknown.
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Therefore, to better understand the genetics underlying
aggregation, we screened 48 randomly chosen isogenic wild
type lines from the DGRP (Mackay et al., 2012) for levels of
aggregation in third instar larvae and subsequently per-
formed a GWAS to look for genetic variation associated
with this phenotype.

We found that different lines varied significantly in the
extent of aggregation, with some lines tending not to form
any aggregates (termed ‘Low’ lines) and other lines contain-
ing as many as 40-60% of aggregating larvae (termed ‘High’
lines) (Figure 1). We then ran analysis of variances
(ANOVAs) to search for genetic variation, in the form of
SNPs, associated with the mean proportion of aggregating
larvae across lines (Shorter et al, 2015; Swarup, Huang,
Mackay, & Anholt, 2013). A total of 2,370,987 ANOVAs
were run for each unfiltered SNP in the 48 DGRP lines ana-
lyzed, which uncovered 58 significant SNPs (p <10—5).
Subsequently, SNPs that fell within 500bp of the exons of
protein coding genes identified 17 candidate genes that
might be playing a role in larval aggregation decisions
(Figure 2(A-C), Supplemental Table S3). As have been
observed in previous studies that used the DGRP collection,
many of the variants associated with our candidate genes
showed high linkage (Figure 2(C); Morgante, Huang,
Maltecca, & Mackay, 2018; Slattery et al, 2014).

The neurogenetic network of larval
aggregation behavior

To investigate whether specific genetic pathways might be
playing a role in larval aggregation decisions, we next
used GO analyses. Because our initial conservative
p <10 — 5significance threshold yielded only 17 protein-cod-
ing genes that might be causally associated with levels of
aggregation, we used the less conservative threshold of
p <10 — 4.5, which increased the number of candidate genes
to 68. This analysis indicated that this gene list is enriched
for the GO terms ‘axon guidance® (GO:0007411, p=0.01)
and ‘plasma membrane’ (GO:0005886, p=0.01). To further
expand the analyzed gene network, we next extended the
empirically defined gene network by using the following
edges: co-expression, co-localization, shared protein
domains, and protein-protein interactions (Supplemental
Figure S2(A)). GO analysis of the extended gene list was still
enriched for ‘axon guidance’; however, four out of the top
six enriched GO terms are neural-tissue specific
(Supplemental Figure S2(B)). Together, these data suggest
that at least some of the genetic variations we have identified
impact population level phenotypic variations in aggregation
decisions via neuronal functions.

Genetic variations associated with mRNA
expression levels

SNPs falling within promoter and enhancer regions of a pro-
tein coding gene often affect mRNA expression levels
(Khurana et al, 2016; Nord & West, 2020; Visel, Rubin, &
Pennacchio 2009). Since most of the SNPs we have

identified in our GWAS are either intronic or fall upstream
of their associated genes (37/46; Supplemental Table S3), we
next tested the hypothesis that some of the identified SNPs
affect gene action via their effects on mRNA expression lev-
els. To test this hypothesis, we compared the mRNA expres-
sion levels of each of the 17 candidate genes identified in
our initial conservative screen between the three phenotypic-
ally highest (‘High’) and three lowest (‘Low’ aggregating
DGRP lines (Figure 3(A,B)) by using real-time RT-qPCR
analyses. We found that at least one SNP (X:19488026) was
significantly associated with higher mRNA expression levels
of its parent gene, CGI14205, in all ‘Low’ lines relative to all
‘High’ lines (one-way analysis of variance (ANOVA); F(1,4)
= 13.43, p=0.02; Figure 3). Although we do not know yet
how this specific SNP might affect CGI14205 mRNA expres-
sion levels, its location immediately downstream of a pre-
dicted splice donor site in intron 5 of CGI14205 (Figure
3(C)) suggests that the mRNAs transcribed by the ‘Low’ and
‘High* alleles exhibit different splicing processivity and/
or stability.

Although the biological functions of CGI14205 are
unknown, the protein is predicted to be a membrane bound
Acyltransferase 3 (IPR002656) that is related to the nose
resistant-to-fluoxetine (NRF) protein family in C. elegans
(Choy & Thomas, 1999). Since several family members have
been found to be expressed in the gut epithelium of worms,
it has been hypothesized that they may function as novel
transporters of lipophilic molecules (Choy, Kemner, &
Thomas 2006). However, the specific biochemical function
of this protein family remains uncharacterized. Nevertheless,
previous studies in the moth Bombyx mori, have shown that
various acyltransferases are required for the synthesis of sex
pheromones in moths and other insects (Ding et al., 2016;
Du et al, 2015; Du, Zhang, Zhu, Yin, & An, 2012). Further,
a quantitative trait locus (QTL) associated with intra- and
interspecific variations in sex pheromones in noctuid moths
has been mapped to the regulation of a gene containing a
putative Acyltransferase 3 domain (Groot et al, 2013).
Therefore, it is possible that CG14205 plays a direct role in
the synthesis of larval aggregation pheromones in D.
melanogaster.

Candidate gene knockdown leads to altered levels of
aggregation

To further establish a causal role for the genes identified in
our initial screen, we studied the effects of neuronal-specific
RNAi knockdown of each gene by using the pan-neuronal
elav-GAL4 driver. However, neuronal knockdown of five of
the 17 genes we examined (Vha36-1, dsx-c73a, pros, cindr,
and CG45002) was lethal. Of the remaining 12 genes, neur-
onal knockdown of three (CG8187, CG14502, and rn) led to
higher levels of aggregation relative to controls (Figure
4(A-C)). These results suggest that the activity of these four
genes affects aggregation decisions in feeding larvae.

In contrast, knockdown of CG14205 in neural tissues did
not significantly alter aggregation levels, which suggested
that the strong association between the specific CG14205
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Figure 2. A genome-wide association study identified 58 SNPs that were associated with the extent of larval aggregation across DGRP lines. (A) Manhattan plot
showing transformed p values for each of the SNPs included in the GWAS. SNPs with a p values less than 10 ~> (shown by the dashed gray line) were retained for
further analysis and are outlined in red. (B) Higher resolution view of SNPs highlighted in (A). (Top) Transformed p values and (Middle) minor allele frequencies
(MAFs) for each of the retained SNPs. SNPs that fell within £500 base pairs of the coding region of a gene are labeled and highlighted together. SNPs that fall
within the coding region of genes with overlapping ORFs on the plus and minus DNA strands are labelled accordingly. (C) Linkage disequilibrium matrix between
all identified SNPs. Note that some SNPs appear to be tightly linked because of, small MAF values due to the rarity of these SNPs in the DGRP collection.
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Figure 3. mRNA expression analysis of SNP-containing genes in lines with either low or high levels of aggregation. (A) Relative mRNA expression levels for each of
the SNP-containing genes identified in the GWAS (n = 3-4 replicates per line). ‘Low’ aggregating lines are shown in light shade, and ‘High’ aggregating lines are
shown in dark shade. (B) Relative mRNA expression levels for the CG14205 gene. A significant association between SNP genotype and CG74205 mRNA expression
was identified (p < 0.05; one-way analysis of variance), whereby ‘Low’ aggregating lines had higher levels of expression than ‘High” aggregating lines. Note that
‘Low and High' lines segregated by genotype, as shown in (C). (C) Transformed p values for associations (ANOVAs) between specific SNP haplotypes and relative
mRNA expression level of the gene associated with that SNP. SNPs falling within the same gene are labeled and highlighted together, and SNPs which were signifi-
cantly associated (p < 0.05) with mRNA expression of its gene are outlined in red. (D) Genetic architecture of the CG74205 gene and the DNA sequences surrounding
the significantly associated SNP for each of the Low and High DGRP lines. Note that the SNP, X:19488026 (denoted by a arrow-head), falls just past the exon-intron

boundary within intron 5 and is positioned to potentially effect mRNA splicing.

alleles, mRNA expression, and aggregation levels, is medi-
ated via its action in non-neuronal tissues. However, because
the specific non-neuronal cells that might mediate the effect
of CG14205 knockdown on larval aggregation are unknown,
we used the ubiquitous tubulin-GAL4. As CGI14205 mRNA
is expressed to a greater extent in low-aggregating lines, we
hypothesized that knocking down CGI14205 should lead to
increased levels of aggregation. Indeed, global CG14205
knockdown resulted in an increase in the fraction of larvae
aggregating (one-tailed, Student’s t-test, p=0.025; N=11-12
per group; Figure 4(D)). These results suggest that CG14205
functions to suppress aggregation in D. melanogaster larvae
via neuronal-independent pathways in the larval midgut.
While we do not know yet if or how the midgut activity
levels of CG14205 might affect the decision of individual lar-
vae to join a group, this decision is likely controlled by both

external sensory stimuli and internal receptors which detect
those stimuli. One possible interpretation of these data is
that the CG14205 gene is responsible for the biosynthesis or
release of a sensory stimulus that inhibits larvae from inter-
acting with one another and forming groups. This hypoth-
esis is consistent with the fact that CG14205 is required in
non-neuronal cells for maintaining normal levels of larval
aggregation (compared to controls). Further, mining the
FlyExpress and Flygut databases revealed that the expression
of CG14205 is enriched in enterocytes in the R2, R4, and R5
regions of the larval midgut (Buchon et al, 2013; Celniker
et al., 2009; Figure 5(A-C)). This expression pattern was fur-
ther confirmed by generating a transgenic reporter of the
putative CG14205 promoter, which revealed strong expres-
sion in two distinct regions of the midgut (Figure 5(D-F)).
Together, these results suggest that CG14205 plays a role in
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Figure 4. Neuronal knockdown of some candidate genes leads to altered aggregation behavior. (A) Pan-neuronal RNAi-mediated knockdown of SNP-associated
genes (UAS-RNAI lines from the Vienna Drosophila resource center). Knockdown of CG87187 (n=5-8, p < 0.05), CG14502 (n=8-9, p <0.05), and m (n=8- 9,
p < 0.01) using elav-GAL4 lead to increased levels of aggregation when compared to parental controls (n =6-19, for all other lines). All statistical comparisons used
one-way ANOVA followed by a Tukey's HSD post-hoc test. (B) Pan-neuronal RNAi-mediated knockdown of SNP-associated genes (UAS-RNAi lines from the
Bloomington TRiP collection). Knockdown of Dnah3 using elav-GAL4 lead to a decrease in fraction of larvae aggregating (n=7-17, p < 0.01), whereas no other
gene knockdowns were significantly different from control (n =4-17). Pairwise Student’s t-tests were run between each gene knockdown and control to look for
statistical significance, and p values were adjusted for multiple comparisons using a Bonferroni correction. (C) TRiP-RNAi-mediated knockdown of CG74205 in neural
tissues, using the elav-GAL4 driver, did not lead to altered aggregation (n =8 per group, p > 0.05; one-tailed Student’s t-test). (D) TRiP-RNAi-mediated knockdown
of CG14205 in all tissues, using the tubulin-GAL4 driver, led to a significant increase in the fraction of larvae aggregating compared to control (n =11-12, p=0.025;

one-tailed Student’s t-test).

the synthesis or release, rather than detection, of an inhibi-
tory molecule regulating aggregation.

Discussion

It is often assumed that group and social behaviors arise via
complex interactions between many genes. Here, we have
used an unbiased behavioral quantitative genetic screen to
identify population-level natural genetic variations that
underlie aggregation in D. melanogaster larvae. As expected,
our analysis revealed that the decision of individuals on
whether to aggregate with other conspecifics is likely
dependent on a complex genetic network that acts in both
neuronal and non-neuronal tissues. Furthermore, by using
in vivo genetic manipulations, we show that at the popula-
tion level, both qualitative and quantitative variations could
be causally associated with the overall observed behavioral
variations between individuals. However, whether the spe-
cific identified genes exert their impact on aggregation via a
common pathway, and the exact cellular and physiological
processes affected by these genes, remain unknown.
Specifically, we found that mRNA expression level of
CG14205, which encodes a putative acetyl transferase, is

higher in DGRP lines that exhibit low levels of aggregation
relative to its expression in lines the exhibit high levels of
aggregation (Figure 3(B)). While the mechanism regulating
this variation in transcript levels is not known, the SNP
identified in our initial GWAS screen is adjacent to a pre-
dicted intronic splice donor site (Figure 3(C)), which can
affect gene function via differential mRNA splicing and/or
stabi]ity via posttranscriptional processes (Witte, 2010; Xiao,
Chang, & Li, 2017). Regardless of the molecular mechanism,
the genetic and behavioral data we present here suggest that
higher activity of CG14205, possibly in the midgut, inhibits
larval aggregation by an unknown physiological process.
Although our RNAi knockdown studies indicate that
CG14205 is not specifically required in neurons, it remains a
possibility that it influences larval behavior via its action in
glia or the endocrine system. Alternatively, this gene could
be required for the production of a chemical signal that
modulates larval aggregation decisions via the enzymatic
modification of gut metabolites (Blomquist et al, 2010;
Chiu, Keeling, & Bohlmann, 2019; Hunt & Borden, 1990).
Recent studies have identified both specific chemical
cues—pheromones—and receptors to be required for direct-
ing aggregation behaviors in D. melanogaster larvae (Mast
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Figure 5. CG14205 expression in larvae. (A) Expression levels of CG74205 across larval tissues. Data were extracted from the FlyAtlas database. (B) Enrichment of
CG14205 mRNA, relative to the whole gut. (C) Expression levels of CG74205 across midgut cell types. ISC: intestinal stem cells; EB: enteroblasts; EC: enterocytes; EE:
enteroendocrine cells; VM: visceral muscle. (D) CG14205 expression is restricted to the larval midgut. Image of an intact larva expressing GFP under the control of
the CG14205 GAL4. (E) Image of a control CG14205-GAL4 larva. (F) Image of third instar dissected gut: (Left) GFP signal, (Right) Overlay of GFP signal with a

DIC image.

et al., 2014). Although most of what is known about phero-
mone synthesis in Drosophila and other insects relates to
cuticular hydrocarbons production by fat-body cells and the
oenocytes (Makki, Cinnamon, & Gould, 2014; Wicker-
Thomas et al, 2015; Zelle et al, 2019), our data indicate
that gut-derived metabolites can also possibly act as phero-
mones in Drosophila. The possible contribution of CGI14205
to pheromone synthesis is further supported by previous
findings about the contribution of acyltransferases to phero-
monal signaling in other insect species (Ding et al, 2016;
Zhang et al., 2017). Therefore, it is possible that this enzyme
functions in the production of some inhibitory chemical
cues that Drosophila larvae are responsive to during feeding.

Previous studies by us and others have shown that phero-
mone-driven social interactions in Drosophila and other
insects often require the balancing action of both attractive
and repulsive cues (Allison & Cardé, 2016; Ben-Shahar
et al, 2010; Blomquist & Vogt, 2003; Lu et al, 2012; Lu,
Zelle, Seltzer, Hefetz, & Ben-Shahar, 2014; McKinney,
Vernier, & Ben-Shahar 2015; Zelle et al., 2019). However, in
our study, the knockdown of majority of identified candi-
date genes leads to increased levels of larval aggregation,
which suggest that the primary contributions of these genes
are to the suppression of aggregation. We do not know yet
whether the behavioral variations in larval aggregation across
the different DGRP haplotypes that comprise the DGRP col-
lection used here represents is directly related to natural
population-level adaptive variations. Nevertheless, previous

empirical and theoretical studies have indicated that the
Allee effect drives Drosophila larval aggregation, which can
vary in magnitude across species, genetic backgrounds, and
niches (Douglas, Dawson-Scully, & Sokolowski, 2005;
Durisko et al., 2014; Fitzpatrick et al., 2007; Louis & de
Polavieja, 2017; Sokolowski, 2010; Takahashi, 2006;
Wertheim, Marchais, Vet, & Dicke 2002). Another non-
mutually exclusive explanation might be that our lab assay
conditions, and the specific behavioral paradigm used, biased
our screen towards the identification of genes whose role
contributes specifically to the suppression
aggregation.

With the exception of the gene scribbler (sbb), which has
been previously shown to affect larval foraging (Suster,
Karunanithi, Atwood, & Sokolowski, 2004; Yang, Shaver,
Hilliker, & Sokolowski, 2000), our study has uncovered sev-
eral novel genes involved in directing social aggregation
while feeding in Drosophila larvae. Although we do not
know yet the specific molecular and cellular mechanisms by
which any of these genes affect larval feeding behaviors, our
data further indicate that natural genetic polymorphisms
affect larval social feeding behaviors via both neuronal and
non-neuronal pathways (Allen et al, 2017; Anreiter et al,
2017; Sokolowski, 2010).

of larval
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Supplemental Figure 1: Boxplots showing the proportion of aggregating 3™ instar larvae for the
“Low” aggregating haplotype RAL93 and High aggregating haplotype RAL195 (N=5 plates per
genotype, 30 larvae per plate). **, p<0.01; Mann-Whitney U Test.
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Supplemental Figure 2: Interaction network of SNP-containing genes. (A) Genes containing
SNPs identified in the GWAS at two significance levels (p < 10~*3 [black rectangles/circles]
and p < 107 [red circles]) were used to create a gene interaction network. Red and black
circles/rectangles (nodes) in the network represent SNP-containing genes, whereas gray nodes
represent genes which were allowed to be added to the network based on the extent of
connectivity with SNP-containing genes (see Methods). Lines (edges) connecting each of the
nodes represent any of the following interactions: (1) co-expression, (2) co-localization, (3)
shared protein domains, (4) and physical protein-protein interactions. (B) Enriched functional
gene ontologies for all genes present in the network shown in (A).
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Table S1. The Drosophila lines used in the study.
Table S2. The ssDNA oligos used for RT-qPCRs.
Table S3. The list of all SNPs identified in the GWAS.



TABLE S1

Gene Target Stock Center Stock ID Genotype Associated Figure
DGRP Line  BDSC 28122 RAL21 Figures 1-3
DGRP Line  BDSC 28123 RAL26 Figures 1-3
DGRP Line  BDSC 28128 RALA4S Figures 1-3
DGRP Line  BDSC 28129 RALS9 Figures 1-3
DGRP Line  BDSC 28132 RAL75 Figures 1-3
DGRP Line  BDSC 28274 RALSS Figures 1-3
DGRP Line  BDSC 28136 RAL91 Figures 1-3
DGRP Line  BDSC 28137 RAL93 Figures 1-3
DGRP Line  BDSC 28138 RAL101 Figures 1-3
DGRP Line  BDSC 28142 RAL136 Figures 1-3
DGRP Line  BDSC 28145 RAL149 Figures 1-3
DGRP Line  BDSC 28148 RALI161 Figures 1-3
DGRP Line  BDSC 28153 RAL195 Figures 1-3
DGRP Line  BDSC 25174 RAL208 Figures 1-3
DGRP Line  BDSC 28157 RAL228 Figures 1-3
DGRP Line  BDSC 28160 RAL237 Figures 1-3
DGRP Line  BDSC NA RAL272 Figures 1-3
DGRP Line  BDSC 25175 RAL301 Figures 1-3
DGRP Line  BDSC 25177 RAL304 Figures 1-3
DGRP Line  BDSC 25180 RAL313 Figures 1-3
DGRP Line  BDSC 28168 RAL318 Figures 1-3
DGRP Line  BDSC 25182 RAL324 Figures 1-3
DGRP Line  BDSC 28179 RAL359 Figures 1-3
DGRP Line  BDSC 25186 RAL360 Figures 1-3
DGRP Line  BDSC 28180 RAL361 Figures 1-3
DGRP Line  BDSC 25445 RAL365 Figures 1-3
DGRP Line  BDSC NA RAL378 Figures 1-3
DGRP Line  BDSC 25189 RAL379 Figures 1-3
DGRP Line  BDSC 25190 RAL380 Figures 1-3
DGRP Line  BDSC NA RAL387 Figures 1-3
DGRP Line  BDSC 28194 RAL392 Figures 1-3
DGRP Line  BDSC 25192 RAL399 Figures 1-3
DGRP Line  BDSC 28196 RAL426 Figures 1-3
DGRP Line  BDSC 25193 RAL427 Figures 1-3
DGRP Line  BDSC 25194 RAL437 Figures 1-3
DGRP Line  BDSC 28198 RAL441 Figures 1-3
DGRP Line  BDSC 28199 RAL443 Figures 1-3
DGRP Line  BDSC 28204 RAL502 Figures 1-3
DGRP Line  BDSC 28208 RALS535 Figures 1-3
DGRP Line  BDSC 25198 RALSSS Figures 1-3
DGRP Line  BDSC 28212 RAL584 Figures 1-3
DGRP Line  BDSC 28218 RAL703 Figures 1-3
DGRP Line  BDSC 25744 RAL705 Figures 1-3
DGRP Line  BDSC 25201 RAL712 Figures 1-3
DGRP Line  BDSC 28219 RAL716 Figures 1-3
DGRP Line  BDSC 28222 RAL737 Figures 1-3
DGRP Line  BDSC 28223 RAL738 Figures 1-3
DGRP Line  BDSC NA RAL744 Figures 1-3
DGRP Line  BDSC 25206 RAL786 Figures 1-3

DGRP Line  BDSC 25208 RALS20 Figures 1-3
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Tub-GAL4
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GFP Control
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P{GD13832}
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P{GD13424}
P{KK103727}
P{KK110545}
UAS-GFP.VALIUM10
TRiP.JF0237
TRiP.HMC03214
TRiP.HMC05922
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TRiP.HMJ22056
TRiP.HMC05598
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Table S2
Gene
CG8187
Vha36-1
CG14502
sbb
CG43795
Or59c¢
Dnah3
mfr
CG33158
dsx-c73a
CG32206
m

pros
Nlg4
cindr
CG45002
CG14205
rp49

Forward Primer (5'-->3")
GGTGGAACAATTCAAGCTGTC
ATCAAGATCACCAACCGTCG
TGCTACCACGTTTGCTACTG
TCGAACTCCAAAGGGACGCG
TCAACGTCTCCATGCTCTTC
CCAAATGGTGTTCGGAAAGAAG
TGAGGACGACGCTGATCCTT
GCAGAGGTTTTGATGTCAGCCG
TCCTCACTGTTCTCACTAGACC
CCTCGAGCCATTTCCTTCTT
TTCGTAACCATCCACATCCG
GCCAATGAGTTCGTGCATG
GGCTTCGCAGATCCTCGACC
CAGTGTCCTGGCGAGCTACG
GTGGGCGTCTTTCCCGACAA
TGCGACAACACGGAGTCCAC
ACGATTTGAGGTGCCTGGCA
CACCAAGCACTTCATCCG

Reverse Primer (5'-->3")
AGGCCACCCATATAAACTTGTAC
GGCCAAAGTCCTATCGATTCG
AATCTTCAGCTTAGTCTCATCCG
CACCTGGGCGTGTGAGAAGT
TGCGTAGCACGATGTACAC
GTTTCAGGTGCTCCCAGATTA
AGTTCAAACTGAGCCACATCATCA
TGGCCATTGGAATGCCCGTT
AAGGTGTCAGCATGTGGTC
CACCTCGACAAGACACCTTT
AATTGCCCTTCCTCTGTCAC
TCCGTAACCGTGTCCTTTTG
GTTTTGGGCGCCTGGAACATG
ACTCTGGCATGGGCATGTGG
GCGGTGTTGCTGACCTTCCT
GGCAATCGTCTGGCTCCAGG
GCCGTACAGGATGCCCGAAG
TCGATCCGTAACCGATGT



Table S3

SNP Chr  Location Major Allele Minor Allele -LogPVal MAF Assoc. Gene SNP Gene Location

107596 chr2L 3962171 G 5.370784569  0.2609 NA NA

467405 chr2L 16488108 5.253456939 0.02273 NA NA

467406 chr2L 16488111 5.136794735 0.02222 NA NA

748617 chr2R 9463144 5.18763654  0.2553 NA NA

748619 chr2R 9463164 5.18763654  0.2553 NA NA

748653 chr2R 9463447 5.18763654  0.2553 NA NA

799710 chr2R 11427595 5.232345742  0.3191 cg8187 Missense E to D
799711 chr2R 11427619 5.232345742  0.3191 cg8187 Synonymous
799712 chr2R 11427715 6.023327692  0.3333 cg8187 Synonymous
799737 chr2R 11428706 6.80698681  0.3404 cg8187 Missense D to G
799741 chr2R 11428807 6.683252763  0.3191 cg8187 Synonymous
799747 chr2R 11429074 5.492773834  0.2766 vha36 5prime UTR

872755 chr2R 14179864
872757 chr2R 14179888
872766 chr2R 14180184
872791 chr2R 14181064
872800 chr2R 14181157

5.070107064  0.2979 cg14502 S5prime UTR
5.133368991  0.3125 cg14502 5prime UTR
5.629316744  0.1522 cg14502 S5prime UTR
5.805424167 0.2708 cg14502 S5prime UTR
5.805424167 0.2708 cg14502 5prime UTR

872755 chr2R 14179864 5.070107064  0.2979 sbb S5prime UTR
872757 chr2R 14179888 5.133368991  0.3125 sbb S5prime UTR
872766 chr2R 14180184 5.629316744  0.1522 sbb 5prime UTR
872791 chr2R 14181064 5.805424167 0.2708 sbb S5prime UTR
872800 chr2R 14181157 5.805424167 0.2708 sbb S5prime UTR
916242 chr2R 15864115 5.730712698 0.383 NA NA

922405 chr2R 16114803 5.179710513  0.3958 NA NA

1021666 chr2R 19360584 5.02887411  0.1778 cg43795 Intron
1021666 chr2R 19360584 5.02887411  0.1778 or59c Missense F to L
1175091 chr3L 4448433 5.048749197 0.08511 NA NA

1175121 chr3L 4457161 5.048749197 0.08511 NA NA

1175166 chr3L 4458652 5.048749197 0.08511 NA NA

1175173 chr3L 4458904 5.048749197 0.08511 NA NA

1187085 chr3L 4894924 5.243940627 0.08511 dnah3 Intron/3prime UTR
1187086 chr3L 4894928 5.243940627 0.08511 dnah3 Intron/3prime UTR
1223179 chr3L 6276454 5.475742001 0.3913 NA NA

1227224 chr3L 6458617 5.152110183 0.06383 NA NA

1295701 chr3L 8902912 5.716209361  0.4783 mfr Synonymous
1506307 chr3L 16435860 5.571593164  0.1915 cg33158 Intron
1506309 chr3L 16435894 5.728142431 0.1702 cg33158 Intron
1506310 chr3L 16435901 5.728142431  0.1702 cg33158 Intron
1506312 chr3L 16435910 5.728142431 0.1702 cg33158 Intron

1506307 chr3L 16435860
1506309 chr3L 16435894
1506310 chr3L 16435901
1506312 chr3L 16435910
1569516 chr3L 19335533
1569661 chr3L 19343297
1569670 chr3L 19343994

5.571593164  0.1915 dsx-c73a Intron
5.728142431 0.1702 dsx-c73a Intron
5.728142431 0.1702 dsx-c73a Intron
5.728142431 0.1702 dsx-c73a Intron
5.781562504 0.08511 cg32206 3prime UTR
6.081256409  0.1458 cg32206 Intron
6.241253379  0.1667 cg32206 Intron
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