
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ineg20

Journal of Neurogenetics

ISSN: 0167-7063 (Print) 1563-5260 (Online) Journal homepage: https://www.tandfonline.com/loi/ineg20

Pleiotropy of the Drosophila melanogaster foraging
gene on larval feeding-related traits

A. M. Allen, I. Anreiter, A. Vesterberg, S. J. Douglas & M. B. Sokolowski

To cite this article: A. M. Allen, I. Anreiter, A. Vesterberg, S. J. Douglas & M. B. Sokolowski (2018)
Pleiotropy of the Drosophila�melanogaster�foraging gene on larval feeding-related traits, Journal of
Neurogenetics, 32:3, 256-266, DOI: 10.1080/01677063.2018.1500572

To link to this article:  https://doi.org/10.1080/01677063.2018.1500572

View supplementary material 

Published online: 10 Oct 2018.

Submit your article to this journal 

Article views: 1695

View related articles 

View Crossmark data

Citing articles: 9 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=ineg20
https://www.tandfonline.com/loi/ineg20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/01677063.2018.1500572
https://doi.org/10.1080/01677063.2018.1500572
https://www.tandfonline.com/doi/suppl/10.1080/01677063.2018.1500572
https://www.tandfonline.com/doi/suppl/10.1080/01677063.2018.1500572
https://www.tandfonline.com/action/authorSubmission?journalCode=ineg20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ineg20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/01677063.2018.1500572
https://www.tandfonline.com/doi/mlt/10.1080/01677063.2018.1500572
http://crossmark.crossref.org/dialog/?doi=10.1080/01677063.2018.1500572&domain=pdf&date_stamp=2018-10-10
http://crossmark.crossref.org/dialog/?doi=10.1080/01677063.2018.1500572&domain=pdf&date_stamp=2018-10-10
https://www.tandfonline.com/doi/citedby/10.1080/01677063.2018.1500572#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/01677063.2018.1500572#tabModule


ORIGINAL RESEARCH ARTICLE

Pleiotropy of the Drosophila melanogaster foraging gene on larval feeding-
related traits

A. M. Allena†, I. Anreiterb,c , A. Vesterbergb, S. J. Douglasa and M. B. Sokolowskia,b,c

aDepartment of Cell and Systems Biology, University of Toronto, Toronto, Canada; bDepartment of Ecology and Evolutionary Biology,
University of Toronto, Toronto, Canada; cChild and Brain Development Program Canadian Institute for Advanced Research (CIFAR) MaRS
Centre, Toronto, Canada

ABSTRACT
Little is known about the molecular underpinning of behavioral pleiotropy. The Drosophila mela-
nogaster foraging gene is highly pleiotropic, affecting many independent larval and adult phenotypes.
Included in foraging’s multiple phenotypes are larval foraging path length, triglyceride levels, and food
intake. foraging has a complex structure with four promoters and 21 transcripts that encode nine pro-
tein isoforms of a cGMP dependent protein kinase (PKG). We examined if foraging’s complex molecular
structure underlies the behavioral pleiotropy associated with this gene. Using a promotor analysis strat-
egy, we cloned DNA fragments upstream of each of foraging’s transcription start sites and generated
four separate forpr-Gal4s. Supporting our hypothesis of modular function, they had discrete, restricted
expression patterns throughout the larva. In the CNS, forpr1-Gal4 and forpr4-Gal4 were expressed in neu-
rons while forpr2-Gal4 and forpr3-Gal4 were expressed in glia cells. In the gastric system, forpr1-Gal4 and
forpr3-Gal4 were expressed in enteroendocrine cells of the midgut while forpr2-Gal4 was expressed in
the stem cells of the midgut. forpr3-Gal4 was expressed in the midgut enterocytes, and midgut and
hindgut visceral muscle. forpr4-Gal4’s gastric system expression was restricted to the hindgut. We also
found promoter specific expression in the larval fat body, salivary glands, and body muscle. The modu-
larity of foraging’s molecular structure was also apparent in the phenotypic rescues. We rescued larval
path length, triglyceride levels (bordered on significance), and food intake of for0 null larvae using dif-
ferent forpr-Gal4s to drive UAS-forcDNA. In a foraging null genetic background, forpr1-Gal4 was the only
promoter driven Gal4 to rescue larval path length, forpr3-Gal4 altered triglyceride levels, and forpr4-Gal4
rescued food intake. Our results refine the spatial expression responsible for foraging’s associated phe-
notypes, as well as the sub-regions of the locus responsible for their expression. foraging’s pleiotropy
arises at least in part from the individual contributions of its four promoters.
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Introduction

Genes that regulate behavior, with their often complex molecu-
lar structures, are fertile ground for investigations into the
molecular basis of pleiotropy. One such gene is the foraging
gene of Drosophila melanogaster which encodes a cGMP
dependent protein kinase (PKG). foraging has four promoters,
21 transcripts, and nine open reading frames (Allen, Anreiter,
Neville, & Sokolowski, 2017; Kalderon & Rubin, 1989) all of
which share a common protein kinase domain. This pleiotropic
complex gene is known to play a role in multiple larval and
adult behavioral phenotypes (Reaume & Sokolowski, 2011).
The best studied of these are the larval feeding-related traits:
larval foraging path length, triglyceride levels, and food intake
(Allen et al., 2017; Kaun et al., 2007; Osborne et al., 1997).
These phenotypes reflect the larva’s ability to navigate its envir-
onment, ingest food, and store the resources for times of need,
all of which are important for larval survival to adulthood.

There are many ways that molecularly complex genes can
accomplish their pleiotropic effects (Hodgkin, 1998; Pyeritz,
1989). Below are examples of how pleiotropy can be accom-
plished at the molecular level. These examples are not mutu-
ally exclusive. In the first example, the multiple transcripts
that produce distinct protein products differ in their down-
stream targets. In the case of foraging, all of its 21 transcripts
code for the same kinase domain but they differ in their
regulatory domains (Allen et al., 2017; Kalderon & Rubin,
1989; Osborne et al., 1997). foraging’s mammalian orthologue,
cGKI, produces multiple isoforms with differing expression,
biochemical activity, and interacting partners and substrates
(Hofmann, Bernhard, Lukowski, & Weinmeister, 2009;
Schlossmann & Desch, 2009; Smith, Francis, Walsh, Kumar,
& Corbin, 1996). In the second example, the cellular environ-
ment as well as the spatial and temporal expression pattern
can affect post-transcriptional regulation. foraging is known
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to be expressed in many different tissue systems (Chintapalli,
Wang, & Dow, 2007; Graveley et al., 2011). In the third
example, a gene’s multiple promoters are regulated independ-
ently; they drive gene products during different times in
development, in different tissues and/or in response to
distinctive environmental stimuli. This likely arises from dif-
ferences in the transcription factor binding sites found in
each of the promoter specific sequences (Anreiter, Kramer, &
Sokolowski, 2017; Anreiter & Sokolowski, 2018). As with the
D. melanogaster foraging gene, the use of alternative
promoters that result in mRNA transcripts with different
50-untranslated regions is a regularly used mechanism in
eukaryotes to ensure the proper level of expression, timing,
and cell specificity of a gene (Ayoubi & Van De Ven, 1996).
Variations within cis-regulatory elements, the regions of DNA
bound by transcription factors, can also affect a subset of the
spatial- or temporal-expression of the gene. These regulatory
differences are known to be important for morphological,
physiological, and behavioral evolution between lineages
(Andersson & Georges, 2004; Carroll, 2000; Hofmann, 2003).

Allen et al. (2017) experimentally defined foraging’s tran-
scription start sites, termination sites, and splicing patterns
utilizing rapid amplification of cDNA ends (RACE) and
full-length cDNA sequencing. As mentioned above, this
uncovered four independent promoters pr1–4, that produce
21 transcripts with nine distinct open reading frames. The
authors postulated that the use of alternative promoters and
splicing at this locus can generate diversity and flexibility in
the regulation of gene expression and function. They also
generated a null allele (for0) using homologous recombin-
ation to precisely delete foraging; recombineering was used
to reintegrate a full genomic copy into the genome in
increasing doses of the gene to rescue the (for0) phenotypes.
They found that a total loss of foraging expression in larvae
resulted in reduced larval foraging path length, reduced food
intake, and an increase in triglyceride levels (Allen et al.,
2017). Their results proved that these larval phenotypes were
influenced by foraging and suggested that they may be
independently regulated from within the locus (Allen
et al., 2017).

The independent roles of foraging’s promoters in regulat-
ing behavior were recently demonstrated in a study on the
‘rover’, forR and ‘sitter’, fors foraging allelic variants, which
differ in a variety of foraging-related traits (Anreiter et al.,
2017). Sitter adults have lower foraging scores, finding and
feeding on fewer food drops than rovers. This difference in
adult feeding behavior was mediated by the histone methyl
transferase G9a, which methylates the foraging promoters
(Anreiter et al., 2017). Sitters had lower G9a-mediated
methylation at promoter 4 and higher expression of pro-
moter 4 transcripts. Decreasing promoter 4 expression in sit-
ters with a transcript-specific RNAi transformed sitter
feeding behavior into a rover (Anreiter et al., 2017). These
findings further supported the hypothesis that the four
promoters of foraging are independently regulated to affect
distinct phenotypes.

Here, we propose that foraging achieves its pleiotropy
through its complex molecular structure and that separate

regulatory regions along the locus drive expression of the
promoters in a tissue-specific manner. We begin with a pro-
moter analysis approach, employing the Gal4/UAS system
(Brand & Perrimon, 1993). This approach was successfully
used to identify a gene’s regulatory regions and deduce
expression and function (Arredondo et al., 2001; Billeter &
Goodwin, 2004; Brenner et al 1996; Lehman et al., 1999;
Okada et al., 2001; Park et al., 2000; Thomas, Wang,
Brenner, & Atkinson, 1997). We generated four promoter-
Gal4 fusions (forpr-Gal4) 50 to each of the four foraging tran-
scription start sites and then characterized their expression
patterns in larvae using a green fluorescent protein (GFP)
reporter (Lee & Luo, 1999; Orm€o et al., 1996). To rescue the
effects of the for0 null mutant allele on larval path length
behavior, triglyceride levels, and food intake, we drove a
UAS-forcDNA with each of the newly generated four forpr-
Gal4s in a for0 background and measured the effects on
these larval phenotypes. We found that: (1) each forpr-Gal4
expressed in many tissue systems, including the nervous sys-
tem, gastric system, as well as other various tissues including
fat body and muscle and, (2) expression from different for-
aging promoters rescued distinct larval phenotypes of forag-
ing null larvae. We concluded that foraging’s complex
modular structure allows for independent regulation and
expression of foraging’s larval phenotypes.

Materials and methods

Strains and rearing

Strains were kept in 40ml vials containing 10ml of corn-
meal/molasses fly food (described in Allen et al., 2017) or
170ml bottles with 40ml of the same fly food. Flies were
reared at 25 ± 1 �C with a 12L:12D photocycle with lights on
at 0800 h. Third instar larvae were developmentally syn-
chronization as in Anreiter, Vasquez, Allen, and Sokolowski
(2016). Briefly, 5- to 7-day-old adults laid eggs on a grape
juice and agar media. After 20 h, early hatched larvae were
removed and discarded. The plates were incubated for 4 h
and newly hatched larvae were placed into Petri dishes con-
taining fly food. Larvae were incubated for 3 days until they
reached mid third instar (72 ± 2 h post-hatch).

The UAS foraging cDNA (also called UAS-T1 in Belay
et al., 2007) was made from cDNA encoded by the gene’s
RNA transcript A (RA; see Allen et al., 2017). It is shown in
Figure 1 and was previously generated in the laboratory of
M. B. Sokolowski (University of Toronto). UAS-Stinger
(Barolo, Carver, & Posakony, 2000) was obtained from J. D.
Levine (University of Toronto). UAS-mCD8::GFP was from
the Bloomington Drosophila Stock Center. The for0 allele is
described in Allen et al. (2017). All behavioral and metabolic
phenotypes were conducted on strains that were backcrossed
for nine generations into the fors genetic background. The
more recently isogenized fors and forR strains described in
Anreiter et al. (2017) were used as additional controls for
the phenotyping experiments. The rover strain, isogenized in
the late 1990’s, and described in Kaun et al., (2007) was
used to generate the forpr-Gal4 transgenes.

JOURNAL OF NEUROGENETICS 257



Promoter-Gal4s

Bioinformatics were conducted with the Geneious software
package (Kearse et al., 2012). An attB sequence was ampli-
fied with PCR from the pUAST-attB vector (Bischof, Maeda,
Hediger, Karch, & Basler, 2007).

(attB-F: ATGCATGTCTGGATCCACTAGTGTCG,
attB-R: ATGCATGCTGGCTAGAACTAGTGTCG).

NsiI sites were added to the primers. The NsiI fragment
was then cloned into the pStinger vector (Barolo et al.,
2000). Regions of the foraging gene were amplified with
PCR and cloned into pGEM-Teasy vector (Promega,
Madison, WI, USA).

(forpr1Gal4-F: GAGCTCTCCGCAGTCCCTATTCTTCCC,
forpr1Gal4-R: GGTACCACAAGTCGATGAAAAACCGCC,
forpr2Gal4-F: GAGCTCGTAAGCTCCATTTTAATATGC,
forpr2Gal4-R: GGTACCCCAAAACCAAGTGTAACACAC,
forpr3Gal4-F: GAGCTCAAGGATGCAAGATGTCTG,
forpr3Gal4-R: GGTACCGGGATCCTGGTTCAATTGCTG,
forpr4Gal4-F: GAGCTCGTGAGTTGAAGCTCCAAGC,
forpr4Gal4-R: GGTACCCGAATTGAAAATCACGATACG).

Each region included its respective transcription-start-site
and extended 50 to varying lengths. The total fragment sizes

were; pr1–4.9 kb, pr2–4.2 kb, pr3–3.7 kb, pr4–2.3 kb. SacI sites
were added to the forward primers and KpnI sites were added
to the reverse primers (underlined). The SacI/KpnI fragments
were digested out of pGEM and inserted into the Gal4 con-
taining pMARTINI-Gal4 vector (Billeter & Goodwin, 2004).
The NotI pr-Gal4 fragments were then inserted into the
pStinger-attB vector, replacing the eGFP sequence. The result-
ing vector contained a pr-Gal4 sequence between two gypsy
insulators with an attB sequence. All forpr-Gal4 constructs
were injected into the P{CaryP}attP2 landing site (Groth, Fish,
Nusse, & Calos, 2004) by Genetic Services Inc. Successful inte-
gration was confirmed with PCR. The P{CaryP}attP2 integra-
tion site was chosen for its high levels of inducible expression
and low levels of leaky expression from position effects (Groth
et al., 2004; Markstein, Pitsouli, Villalta, Celniker, & Perrimon,
2008). The cloning of the four forpr-Gal4 lines is shown in
Figure 1 along with a schematic of the foraging gene.

Whole-mount immunofluorescence

Dissected samples were fixed in 4% paraformaldehyde in 1�
PBS for 1 h. The fixed samples were rinsed twice in 0.5%
Triton X in one time PBS (PBT) and then washed four

(A)

(B) (C)

Figure 1. Cloning of forpr-Gal4s. (A) Schematic of the foraging locus (dark grey – exons), its transcripts above the locus (grey – UTR, black – ORF), transcription start
sites (arrows) and the cloned regions (colored bars below locus) used in the promoter analysis. The regions up to 5 kb upstream of and 300 bp downstream of the
TSS for the four identified minimal promoters were cloned into a gypsy insulated Gal4 vector. The ORF used in the UAS-forcDNA is annotated below the transcripts
and is a derivative of the RNA transcript A (RA) and codes for the protein isoform A (PA). (B) Example of one of the cloned forpr1-Gal4 constructs. The forpr1-Gal4 seg-
ment is flanked by gypsy insulator sequences. An attB site-specific recombination sequence from uC31 was added to the vector. (C) PCR confirmation of the four
forpr-Gal4 integrations. There was a positive integration event in all lines.
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times for 30min each in PBT. The samples were blocked in
10% normal goat serum (NGS, Jackson ImmunoResearch
Laboratories, West Grove, Pennsylvania, USA) and 0.1%
BSA (Sigma, St. Louis, MO, USA) in PBT for 2 h at room
temperature. Primary antibody incubations (Rabbit anti-
GFP, 1:600, Thermo Fisher, Waltham, MA, USA, cat#A-
11122) were conducted in blocking solution and incubated
overnight at 4 �C. After primary incubation the samples
were rinsed twice and then washed four times for 30min
each in PBT. Secondary antibody (Alexa Fluor 488, goat
anti-Rabbit IgG, 1:2000, Thermo Fisher cat#A-11034) was
incubated in PBT at room temperature for 2 h. Washing was
conducted as described above for the primary antibody.
Tissues were mounted on slides in Vectashield (Vector Labs,
Burlingame, CA, USA). Samples were imaged using a Zeiss
LSM 510 and Leica SP5 confocal microscopes. Images were
analysed using Fiji software package (Schindelin et al.,
2012). Dissection was done under a GFP dissection scope so
that the entire larva could be examined for GFP expression.
Subsequently, the CNS, guts, fat bodies, salivary glands, and
carcasses were stained and mounted on slides and imaged
on the confocal. The expression reported here represents
what was consistent between endogenous fluorescence and
antibody staining for both an mCD8::GFP and a nls::GFP.
Imaging was performed on fly strains with both the original
genetic backgrounds, post injection, as well as on strains
backcrossed for 9 generations into the fors background; no
genetic background effects were found.

Path length

The larval path length protocol is detailed in Anreiter et al.
(2016). Briefly, mid-third instar larvae (72±2 h post-hatch)
were removed from food plates and rinsed in water. A yeast
paste solution (2:1 w/w) was spread across the wells of custom
black rectangular Plexiglas plates, creating a thin even layer of
yeast paste in each well. Larvae were placed in each well and
covered with a Petri dish lid. After 5min the path lengths left
in the yeast paste were traced onto the Petri dish lid. Path
lengths were digitized using Fiji (Schindelin et al., 2012).
Because of the extent of the larval path length assays, rescue
experiments for the pr-Gal4 lines had to be tested on different
days. Consequently, additional forR and fors controls were run
for the path length experiments. Data are shown in Figure S2.

Food intake

Larval food intake assays were performed as described in
Allen et al. (2017). Briefly, larvae were place in tissue culture
dishes with liquid food contained 0.5% fluorescein, 5%
sucrose, and 5% yeast extract. Larvae were left to feed for
10min, washed three times in water, and placed into a
1.5ml tube and frozen. Groups of 10 larvae were homogen-
ized in 1� PBS and then centrifuged. The supernatant was
analyzed with a fluorometer. Larvae that were fed food with-
out fluorescein were homogenized and used as a blank.

Triglyceride analysis

Triglyceride analysis was performed as described in Allen
et al. (2017). Briefly, groups of 10 larvae were homogenized
in 200 ll of 0.1% Tween 20 in 1� PBS. Homogenates were
incubated at 70 �C for 5min and then incubated on ice for
2min prior to centrifugation. A small aliquot of the super-
natant was analyzed with Infinity TAG Reagent (Thermo
Scientific, Waltham, MA, USA, cat# TR22421) following
manufacturers specifications. A separate aliquot was ana-
lyzed with Pierce BCA Protein Assay Kit (Thermo Scientific,
cat# 23227) to quantify protein levels in the samples follow-
ing manufacturers’ specifications. Triglyceride levels are dis-
played as mg glycerol/mg protein.

Statistical analysis and data availability

Statistical analysis was performed in R (R Core Team, 2013).
ANOVA and Tukey HSD post hoc tests were run to com-
pute statistical significances and are summarized in
Supplementary Table 1. The boxplots show the mean with
the whiskers displaying 1.5 times the interquartile range. For
a rescue to be considered significant the UAS/Gal4 treatment
had to be significantly different than both of the UAS and
the Gal4 controls. Plots were edited with Inkscape. All data
are available upon request.

Results

Figure 1(A) shows a schematic of the foraging gene showing
each of its four promoters and the DNA fragments cloned 50

to each fragment. foraging’s RNA transcripts along with the
foraging cDNA used in this study are shown at the top of
the figure. Figure 1(B) shows how the forpr1-Gal4 constructs
were cloned and Figure 1(C) shows that each of the con-
structs was integrated in all the forpr1-Gal4 lines.

forpr-Gal4 expression

Each of the four forpr-Gal4 lines showed expression in vary-
ing cell types in different tissue systems in larvae (Figure 2,
Figure S1). All four promoters expressed in the CNS, each
having a distinct, non-overlapping cellular expression pat-
tern (Figure 2). forpr1-Gal4 and forpr4-Gal4 were expressed in
neurons, while forpr2-Gal4 and forpr3-Gal4 were expressed in
glia, but not neurons. forpr1-Gal4 expressed in neurons
throughout the central brain and VNC (Figure 2(B)),
whereas forpr4-Gal4 expression was restricted primarily to
the optic lobes, the eye imaginal discs, and the leg imaginal
discs (Figure 2(E)). forpr2-Gal4 expressed in the midline glia
(Figure 2(C)). forpr3-Gal4 expressed in the surface glia
(Figure 2(D)).

Similarly, all forpr-Gal4s were expressed in the gut but
each in a different set of cells (Figure 3). Expression of
forpr1-Gal4 was evident in a few enteroendocrine cells (EEC)
in the anterior of the midgut (Figure 2(F)). forpr2-Gal4 was
expressed in the adult midgut precursors (AMPs), which
include the intestinal stem cells (Figure 2(G), Figure S1(B)).
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forpr2-Gal4 also expressed in the ureter of the Malpighian
tubules (data not shown). forpr3-Gal4 had the broadest
expression of the four drivers in the gastric system. forpr3-
Gal4 expressed in midgut anterior enterocytes (Figure 3(H)),
the copper cells responsible for acid secretion (Dubreuil,
2004), as well as the large flat cells of the middle midgut,
important for the secretion and absorption. forpr3-Gal4 also
drove expression in the circular and longitudinal muscle of
the midgut and hindgut (Figure 2(H), Figure S1(E)) neces-
sary for peristaltic contraction in the gastric system.
Additionally, forpr3-Gal4 expressed in EEC further down the
midgut from forpr1-Gal4 (Figure 2(H), Figure S1(F)). Finally,
forpr3-Gal4 expressed in the primary cells of the anterior
Malpighian tubules (Figure S1(H)). forpr4-Gal4 expressed
exclusively in the hindgut (Figure 2(I)). The larval hindgut
is separated into many distinct sections, each with differing
functions. forpr4-Gal4 expressed in the h3 (peristaltic

contractions), h5d and h6d (ion and water transport), hv
(absorption), and h7 (contractions for fecal waste) regions of
the hindgut (Figure 2(I), Figure S1(O)) (Murakami &
Shiotsuki, 2001).

Finally, both forpr2-Gal4 and forpr4-Gal4 expressed in the
salivary gland imaginal ring (Figure S1(C, N)), which develops
into the adult salivary duct and gland during metamorphosis.
forpr3-Gal4 expressed in the developed larval salivary gland
(Figure S1(I)) and extensively in body wall muscle (Figure
S1(D)). forpr3-Gal4 expressed in the fat body (Figure 2(L)).
In contrast, forpr1-Gal4, forp2-Gal4, and forp4-Gal4 did not
expressed in the fat body (Figure 2(J, K, M), respectively).
forpr4-Gal4 expressed in dorsal denticles (Figure S1(K)), as well
as the anterior and posterior spiracles (Figure S1(L,M)).
Although the four forpr-Gal4s show broad expression, with
forpr3-Gal4 being the broadest, their expression patterns are
striking in their cell and tissue specificity.

Figure 2. forpr-Gal4s expression in the 3rd instar larval CNS, gastric system, and fat body. Whole-mount immunofluorescence analysis of forpr-Gal4 driving
UAS-mCD8::GFP in the larval CNS and stained with anti-GFP. Sample sizes were n� 12 larvae for each of experiment. Representative images are shown. Scale bars
¼ 100 mm. (A) Schematic of the foraging locus with the cloned regions near the transcription start sites highlighted. (B) forpr1-Gal4 expressed in neurons throughout
the VNC and brain lobes. (C) forpr2-Gal4 expressed in midline glia in the VNC. (D) forpr3-Gal4 expressed in the perineurial surface glia of the CNS and PNS. (E) forpr4-
Gal4 expressed in the optic lobes of the CNS and the eye imaginal discs and the leg imaginal discs. (F) forpr1-Gal4 expressed in enteroendocrine cells in the anterior
portion of the larval midgut. (G) forpr2-Gal4 expressed in the adult midgut precursor cells (AMP) throughout the midgut. (H) forpr3-Gal4 expressed in the muscle of
the midgut. (I) forpr4-Gal4 expressed in the h5d, h6d, hv, and h7 regions of the larval hindgut. (J) forpr1-Gal4 was not expressed in fat body. (K) forpr2-Gal4 was not
expressed in fat body. (L) forpr3-Gal4 was expressed in the fat body. (M) forpr4-Gal4 was not expressed in fat body.
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Modularity of for’s phenotypic effects

Above we show that the fragments cloned 50 to each of for-
aging’s promoters drive independent and diverse expression
patterns. Next, we determined if expressing UAS-forcDNA in
each of the forpr-Gal4s patterns could significantly change
the larval path length, triglyceride levels, and food intake of
for0 null larvae. As is common practice in Drosophila
research, a transgenic rescue was significant when the UAS/
Gal4 treatment was significantly different than both of the
UAS and the Gal4 controls (Figures 3–5). forR and fors data
were collected as additional controls for the forpr-Gal4
experiments (Figure S2). Here, we determine whether
foraging’s modular structure with its four promoters, explain
the pleiotropic effects of foraging on these larval traits.

pr1> cDNA increases for0 path length behavior

When foraging cDNA was expressed using forpr1-Gal4 the
path length of for0 larvae was significantly higher than the
UAS or Gal4 controls (F(2,87)¼ 10.7, p¼ 7.2e� 05; treatment
compared to Gal4 control, p< .001 and UAS control,
p< .001; Figure 3(A)). This rescue was specific to the forpr1-
Gal4, as the other three forpr-Gal4s did not rescue the path
length phenotype (Figure 3(B–D); Table S1). This shows
that the forpr1-Gal4 pattern of expression was specifically
needed for altering for0 larval path length.

pr3> cDNA increases for0 triglyceride levels

When a foraging cDNA was expressed using forpr3-Gal4 the
triglyceride levels of for0 larvae bordered on being signifi-
cantly higher than the controls (F(2,27)¼ 3.76, p¼ .036; treat-
ment compared to Gal4 control, p< .06 and UAS control,
p< .06; Figure 4(C)). This border line triglyceride rescue
was specific to forpr3-Gal4 and not the other three forpr-
Gal4s (Figure 4(A, B, D); Table S1). This suggests that the

forpr3-Gal4 pattern of expression was likely needed for alter-
ing for0 larval triglyceride levels.

pr4> cDNA increases for0 food intake behavior

When a foraging cDNA was expressed using forpr4-Gal4 the
food intake of for0 larvae was significantly higher than the
controls (F(2,27)¼ 13.9, p¼ 7.1e� 05; treatment compared to
Gal4 control, p< .0001 and UAS control, p< .01; Figure
5(D)). This rescue was specific to the forpr4-Gal4 as the other
three forpr-Gal4s did not rescue the food intake phenotype
(Figure 5(A–C); Table S1). This suggests that the forpr4-Gal4
pattern of expression was specifically needed for altering for0

larval food intake.

Discussion

Our findings support the hypothesis that foraging’s modular
molecular structure contributes to its pleiotropy (Figure 6).
To address this hypothesis, we cloned four regions upstream
of the four independent transcription start sites (called
pr1–4) in the foraging gene. We used a GFP reporter to
drive the expression of each fragment using Gal4 and found
that each of these clone regions drove independent diverse
expression in multiple tissue systems of the larva. foraging
cDNA expressed using each of the pr-Gal4 drivers individu-
ally rescued foraging path length, triglyceride levels, and
food intake of foraging null mutant larvae.forpr1-Gal4 expres-
sion was sufficient to rescue the for0 path length phenotype.
forpr1-Gal4 was found in neurons in the central brain VNC,
PNS, and a few enteroendocrine cells in the anterior of the
midgut. The release of endocrine molecules from EECs plays
a role in maintaining gut homeostasis by sending hormonal
cues to the enterocytes to regulate digestion and absorption
(Veenstra, 2009). Future research will identify which of these
cells in the nervous system and or gut are important for lar-
val foraging path length. forpr2-Gal4 expression did not

(A) (B) (C) (D)

Figure 3. forp1-Gal4 rescues foraging null (for0) larval path length. (A) The pr1 experimental (for0/for0; {forpr1-Gal4}/{UAS-forcDNA}) had significantly longer path
lengths than either the Gal4 control (for0/for0; {forpr1-Gal4}/þ, p¼ .00041) and the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ .0004). (B) The pr2 experimental (for0/
for0; {forpr2-Gal4}/{UAS-forcDNA}) did not have significantly longer path lengths than the Gal4 control (for0/for0; {forpr2-Gal4}/þ, p¼ .95). (C) The pr3 experimental (for0/
for0; {forpr3-Gal4}/{UAS-forcDNA}) was not significantly different from the Gal4 control (for0/for0; {forpr3-Gal4}/þ, p¼ .93) or the UAS control (for0/for0; þ/{UAS-forcDNA},
p¼ .89). (D) The pr4 experimental (for0/for0; {forpr4-Gal4}/{UAS-forcDNA}) was not significantly different from the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ .17).
Sample size: n¼ 30 larvae per genotype per plot. The boxplots show the mean with the whiskers displaying 1.5 times the interquartile range. For a rescue to be
considered significant the UAS/Gal4 treatment had to be significantly different than both of the UAS and the Gal4 controls.
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rescue any of the larval phenotypes. In the nervous system it
was expressed in midline glia which are crucial for midline
axon guidance and nervous system morphogenesis (Jacobs,
2000). forpr2-Gal4 also expressed in the adult midgut precur-
sors (AMPs) known to contain the intestinal stem cells and
other support cells; during preparation for pupal develop-
ment, these cells begin to increase in number to repopulate
the midgut with adult cells (Jiang & Edgar, 2009). forpr3-
Gal4 which bordered on significance to effect altered larval
triglycerides had the widest expression pattern including the
larval fat body, muscle, enterocytes, and the surface glia.
The surface glia, made up of perineural and subperineurial
glia, are important for blood–brain barrier activities
(Edwards & Meinertzhagen, 2010). forpr3-Gal4 glial cells may
be perineurial glia due to the size and number of cells
(Stork, Bernardos, & Freeman, 2012). Interestingly, fat body,
muscle, and enterocytes tissue systems have previously

been shown to affect triglyceride levels (Lee, Bassel-Duby,
& Olson, 2014; Song, Veenstra, & Perrimon, 2014). Allen
et al.’s (2017) previous finding of increased triglyceride levels
in foraging null larvae appears to contradict the findings of
the present study where we found that foraging cDNA
expressed using forpr3-Gal4 also increased triglyceride levels.
One explanation for this discrepancy is that foraging func-
tions antagonistically in different tissues to affect fat levels.
This can be examined in the future by manipulating foraging
using fat body, muscle or gut tissue specific drivers and
measuring differences in larval triglyceride levels that arise
from these manipulations. forpr4-Gal4 expression was suffi-
cient to rescue larval food intake. It was restricted primarily
to the optic lobes and discs, hindgut epithelia, and the spi-
racles. Relative to the other promoter driven Gal4s forpr1-
Gal4 and forpr4-Gal4 were expressed in a restricted number
of cells. This will facilitate future mapping of the specific

(A) (B) (C) (D)

Figure 5. forp4-Gal4 rescues null larval food intake. (A) The pr1 experimental (for0/for0; {forpr1-Gal4}/{UAS-forcDNA}) was not significantly different from the UAS control
(for0/for0; þ/{UAS-forcDNA}, p¼ .85). (B) The pr2 experimental (for0/for0; {forpr2-Gal4}/{UAS-forcDNA}) was not significantly different from the Gal4 control (for0/for0;
{forpr2-Gal4}/þ, p¼ .87) or the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ .86). (C) The pr3 experimental (for0/for0; {forpr3-Gal4}/{UAS-forcDNA}) was not significantly dif-
ferent from the Gal4 control (for0/for0; {forpr3-Gal4}/þ, p¼ .18). (D) The pr4 experimental (for0/for0; {forpr4-Gal4}/{UAS-forcDNA}) was significantly different from the
Gal4 control (for0/for0; {forpr4-Gal4}/þ, p¼ .00005) and the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ .006). Sample size: n¼ 10 extracts (of 10 pooled larvae) per
genotype per plot. The boxplots show the mean with the whiskers displaying 1.5 times the interquartile range. For a rescue to be considered significant the
UAS/Gal4 treatment had to be significantly different than both of the UAS and the Gal4 controls.

(A) (B) (C) (D)

Figure 4. forp3-Gal4 affects larval triglyceride levels. (A) The pr1 experimental (for0/for0; {forpr1-Gal4}/{UAS-forcDNA}) was not significantly different from the Gal4 con-
trol (for0/for0; {forpr1-Gal4}/þ, p¼ .78) or the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ 0.94). (B) The pr2 experimental (for0/for0; {forpr2-Gal4}/{UAS-forcDNA}) was
intermediate between the significantly different Gal4 (for0/for0; {forpr2-Gal4}/þ) and UAS (for0/for0; þ/{UAS-forcDNA}) controls. (C) There was significant variation in the
pr3 triglyceride experiment (F(2,27)¼ 3.76, p¼ .036). The pr3 experimental (for0/for0; {forpr3-Gal4}/{UAS-forcDNA}) bordered on being significantly different from the
Gal4 control (for0/for0; {forpr3-Gal4}/þ, p¼ .06) and the UAS control (for0/for0; þ/{UAS-forcDNA}, p¼ .06). D) The pr4 experimental (for0/for0; {forpr4-Gal4}/{UAS-forcDNA})
was not significantly different from the Gal4 control (for0/for0; {forpr4-Gal4}/þ, p¼ 1.00). Sample size: n¼ 10 extracts (of 10 pooled larvae) per genotype per plot.
The boxplots show the mean with the whiskers displaying 1.5 times the interquartile range. For a rescue to be considered significant the UAS/Gal4 treatment had
to be significantly different than both of the UAS and the Gal4 controls.

262 A. M. ALLEN ET AL.



cells responsible for each of the path length and food intake
phenotype using intersectional methods such as by Gal80
(Suster, Seugnet, Bate, & Sokolowski, 2004) and Flp-out
(Bischof & Basler, 2008).

Recently, it was shown that products from pr4 were
responsible for affecting adult fly food intake and foraging
behavior (Anreiter et al., 2017). This suggests that larval and
adult food intake may be regulated by the same foraging
promoter across development. However, when comparing
the results of Anreiter et al. (2017) to the present study, it
becomes clear that larval foraging path length behavior and
adult foraging behavior are likely controlled by different
parts of the foraging gene, since forpr1-Gal4 and not forpr4-
Gal4 rescued larval foraging behavior. Future experiments
will determine which of these tissues or combination of tis-
sues result in these larval and adult phenotypes (for further
discussion see Anreiter & Sokolowski, 2018).

It is unlikely that the cloned fragments of foraging used
in the present study to generate the forpr-Gal4s encompass
all of the DNA that regulates foraging. Significantly, how-
ever, these DNA fragments were sufficient for promoter spe-
cific rescues of the three larval phenotypes investigated here.
The forpr-Gal4s expression patterns reported in the present
study direct us to the potential subsets of cells, and also to
the DNA sequences that are important for each larval
phenotype. These DNA regions also serve as pivotal regions
of interest when looking for allelic differences in the foraging
gene strains, such as in the rover and sitter allelic variants,
as shown in Anreiter et al. (2017).

Overall, this work represents a significant advance in how
the foraging gene elicits its phenotypic effects in the larva.
The expression patterns reported here can be used to generate
new hypotheses about where foraging is required for other of

its pleiotropic phenotypes. For example, foraging has previ-
ously been implicated in nutrient absorption in larvae (Kaun,
Chakaborty-Chatterjee, & Sokolowski, 2008) and gut function
in adults (Urquhart-Cronish & Sokolowski, 2014). The enter-
ocytes and enteroendocrine cells reported here are important
for absorption and digestion of ingested nutrients and visceral
muscle may affect peristalsis of nutrients through the gut. for-
aging’s orthologue in mice is known to function in smooth
muscle (Hofmann, Feil, Kleppisch, & Schlossmann, 2006;
Hofmann et al., 2009; Lohmann, Vaandrager, Smolenski,
Walter, & De Jonge, 1997) and it also affects gut passage time
(Weber et al., 2007). The forpr3-Gal4 also drove expression in
the Malpighian tubules. The tubules are vital for ion balance
in the hemolymph, and foraging has been previously charac-
terized for influencing adult Malpighian tubule secretion rate
(MacPherson et al., 2004a, 2004b).

We successfully rescued the foraging null phenotypes of
larval foraging path length, triglyceride levels (bordered on
significance) and food intake by driving expression of forag-
ing cDNA using individual promoters. This suggests that the
expression captured by the Gal4s from the promoter frag-
ments we cloned is likely representative of the expression of
the foraging gene. An outstanding issue is whether the forpr-
Gal4s recapitulate native foraging expression. An antibody
against foraging protein was previously published for
immuno-histochemistry in the adult CNS (Belay et al.,
2007). Unfortunately, this antibody was unable to detect dif-
ferences in staining between wild-type and for0 null mutant
larvae. We were therefore unable to evaluate these forprGal4s
with our anti-FOR antibody. Microarrays on dissected tissue,
RNA-seq on dissected tissue, and RNA-seq on sorted cells
(from sources such as FlyAtlas, FlyAtlas2, modENCODE,
and Flygut-seq) support our finding of foraging expression

Figure 6. Summary of expression and phenotypic effects. A schematic of the foraging gene in the center with exons in grey and transcription start sites marked
with arrows. The regions cloned in the forpr-Gal4s are colored and shaded. The expression patterns seen in the forpr-Gal4s are summarized above the locus.
Depictions of the rescued phenotypes are shown below the locus.
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in multiple tissues including the CNS, fat body, salivary
glands, trachea, and the gut (Chintapalli et al., 2007; Dutta
et al., 2015; Graveley et al., 2011; Leader et al., 2018). Future
use of novel translation dependent protein trap techniques
(Diao et al., 2015; Venken et al., 2011) may provide further
transgenic methods for identifying the foraging gen-
e’s expression.

Conclusion

foraging’s complex molecular structure contributes to the
pleiotropy in larval feeding-related phenotypes. We rescued
the larval path length, food intake, and triglyceride levels
(bordered on significance) of the for0 null larvae by driving
expression of a UAS-forcDNA using individual forpr-Gal4s.
Each of the forpr-Gal4s we generated had discrete, restricted
expression patterns throughout the larva. The modularity of
foraging’s molecular structure was also apparent in the
phenotypic rescues. Our data support the hypothesis that
foraging’s pleiotropy results from the individual contribu-
tions of its four foraging promoters. These results refine the
spatial expression and the sub-regions of the gene respon-
sible for foraging’s associated larval phenotypes. This study
provides a road map for investigating other aspects of for-
aging’s pleiotropic effects in the larval and adult fly. This
modular nature of foraging’s promoters and their different
functions may have interesting implications for the
evolutionary pressures acting on the locus. This differential
regulation may serve as an adaptive escape from the con-
straints of pleiotropy (Des Marais & Rausher, 2008).
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