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Summary

Elucidating the mechanism underlying temperature sensation of animals is one of the
keys to coping with recent extreme climate changes. Especially for insects, whose body
temperature rely on ambient temperatures, sensing and responding to temperature changes are
critical for their survival. Insects such as Drosophila have developed abilities to precisely
discriminate milli-degree per second and this requires a delicate and accurate temperature
sensing system.

Thermal sensation in Drosophila relies on receptors including Transient receptor
potential (TRP) channels, a gustatory receptor (GR), and ionotropic receptors (IRs). TRPA1
and GR28b(D) are activated by temperature increase over 25°C and are involved in warm
avoidance, while TRPC (TRPL) and TRPV (lav) contribute to cool avoidance. IRs are
structurally related to mammalian glutamate receptors (GluRs), and Ir25a, Ir93a, and Ir2la
are involved in cool avoidance, while Ir25a, Ir93a, and Ir68a are involved in warm avoidance.

Fatty acids and the conjugates are known to associate with thermo-sensory systems.
Polyunsaturated fatty acids (PUFA) are involved in the regulation of TRP channels and
triacylglycerol (TAG) contributes to the protection of TRP channel sensitization under
oxidative stress. At animal level, fatty acid saturation level affects temperature preference of
Drosophila larvae and they preferentially consume PUFA containing food under cold
environment. However, identity of enzymes involved in this process remains unknown.

Our research aim is to investigate the functional correlation between temperature
sensation and fatty acid metabolisms. In this aspect, I sought candidate enzymes that are related
to fatty acid metabolism and found multiple genes involved in larval thermotaxis. Those
include CG8839 and CG5112, which are putative fatty acid amide hydrolase (FAAH) coding
genes catalyzing fatty acid release from anandamide, and inactivation no afterpotential E (inaFE),
a diacylglycerol lipase (DAGL) coding gene hydrolyzing diacylglycerol (DAG) to release
PUFA.

I also identified a cluster of genes encoding putative monoacylglycerol acyl transferases
(MGATs) and named them MGAT-1/-2/-3. These genes are predicted to function in TAG
synthesis based on their molecular functions. I observed that MGAT-2 and MGAT-3 knockout
larvae accumulated in cooler regions on a thermal gradient plate. In a two-way temperature
choice assay, MGAT-2 and MGAT-3 knockout larvae showed defects in discriminating between

optimal 24°C and cooler temperatures. Less preference for 24°C was also observed when these



two genes were knocked down in neurons, suggesting the roles of MGAT-2/-3 in cool avoidance
in the nervous system.

I sought responsible thermo-sensitive neurons and observed less preference for 24°C
versus 20°C when knocking down MGAT-2 or MGAT-3 in iav-expressing chordotonal organs.
Meanwhile, a shift in temperature preference towards warmer regions was observed when
MGAT-3 was knocked down in neurons expressing #pAI-AB isoforms, suggesting a role of
MGAT-3 in warm avoidance. I also observed that knocking down MGAT-2 in dorsal organ cool
cells (DOCCs) resulted in a defect in discrimination between 24°C and 20°C, where [r25a,
Ir21a, and Ir93a function for cool avoidance. The defect in cool avoidance in MGAT-2 KO was
compensated by overexpressing MGAT-2 or human MOGAT2 in DOCCs, suggesting the
primary role of MGAT-2 in DOCCs.

Using in vivo GCaMP imaging, I observed that both the cooling-induced responses in
DOCCs and the warming-induced responses of dorsal organ warm cells (DOWCs) were
reduced in the absence of MGAT-2, and this reduction could be partially rescued by
overexpressing MGAT-2 in the DOCCs. One of the mechanisms of the decreased cool
responses was downregulation in the expression level of Ir25a and Ir21a in DOCCs. After
searching database and quantifying expression levels by qPCR, I identified a transcription
factor broad for Ir25a as a candidate for the regulation of the expression level of /r25a and
Ir2la.

Taken together, I conclude that MGATs, which are well-known as an energy storage
enzyme, contribute to cool temperature sensing processes by maintaining the transcriptional
level of Irs in cool-sensing neurons. Proper expression of /rs may stabilize the temperature
responses of DOCCs and DOWC:s, thereby contributing to optimal temperature preference in

Drosophila larvae.



1 Introduction

1.1 Thermal sensation is critical for insects.

Body temperature serves as a vital indicator of homeostatic stability and therefore has
profound effects on the development, growth, survival, and reproduction of living organisms.
Insects are ectotherms that exclusively rely on ambient temperatures to maintain their body
temperature and achieve homeostasis (Barbagallo and Garrity, 2015). They have developed a
large surface-to-volume ratio with small body size and their core temperatures change by
environmental temperature rapidly (Garrity et al., 2010), and this temperature fluctuation
impacts long-term survival (Dillon et al., 2010) and reproduction (Porcelli et al., 2017).

Since the fluctuation of ambient temperature is unavoidable, insects such as Drosophila
developed precise temperature detecting mechanisms to discriminate within a milli-degree per
second (Fowler and Montell, 2013; Klein et al., 2015), which is hundreds of times higher
resolution than that in humans (Luo et al., 2020). This accurate temperature sensation requires
a delicate and sophisticated sensory system.

For studying the mechanism for temperature sensation in insects, Drosophila
melanogaster is a good model. It is a classic model organism that has been studied for more
than a hundred years, with complete genome information, profound background knowledge in
neuroscience and mature techniques for genetic modifications. These enable researchers to

explore the mechanism in sensory neurons at a molecular level.

1.2 Thermo-sensory molecules in Drosophila.

Thermotaxis in Drosophila has been studied in larval and adult stages. Adult flies prefer
temperatures around 25°C, while temperature preference of larvae depends on development
(Barbagallo and Garrity, 2015; Sokabe et al., 2016). Drosophila larvae seek 24°C from 1% (24
h after egg laying [AEL]) to the early 3" instar stage (72 h AEL), and their preferred
temperature dropped significantly to 18°C at the late 3 instar stage (120 h AEL) (Sokabe et
al., 2016; Wat et al., 2020). These thermotactic phenotypes depend on temperature sensation,
which is regulated by multiple thermo-receptors including transient receptor potential (TRP)

channels, ionotropic receptors (IRs) and a gustatory receptor (Gr) (Fig. 1) (Li and Gong, 2017).



1.2.1 TRP channels are involved in thermosensation.

TRP channels are non-selective cation channels that have been first identified and
characterized in Drosophila phototransduction (Montell, 2011). After several decades of study,
they have been classified into seven superfamilies including TRPC, TRPV, TRPM, TRPN,
TRPA, TRPP, and TRPML, and their functions have been reported in a remarkable number of
sensory processes (Cabezas-Bratesco et al.,, 2022). In thermal sensation, multiple
thermosensitive TRPs have been identified in various species, including insects (Li and Gong,
2017).

In Drosophila, TRP channels function in various sensory processes including
phototransduction, olfaction, gustation, mechanosensation, thermosensation, nociception, and
auditory-sensation (Fowler and Montell, 2013; Montell, 2021). In thermosensation, subtypes
of TRPA, TRPV, TRPC, TRPP, TRPM, and TRPN subfamilies have been identified in
responding to different temperatures (Fig. 1).

In both larval and adult stages, TRPA1 functions as a heat sensor and triggers warm
avoidance over 25°C (Hamada et al., 2008; Kwon et al., 2008). It also contributes to avoidance
behaviors under noxious heat (Neely et al., 2011; Khuong et al., 2019). There are five identified
TRPAI1 splicing variants (A, B, C, D, and E). Two of the isoforms, A and D, have been
identified as primary heat sensors (Zhong et al., 2012). Isoforms A and B are expressed in the
central nervous system (CNS) (Hamada et al., 2008; Li and Montell, 2021), while isoforms C
and D are expressed in the peripheral nervous system (PNS) (Zhong et al., 2012). Activation
of these TRPA1 isoforms leads to firing of trpAl-expressing neurons, facilitating warm
avoidance in both larval and adult stages (Gu et al., 2019; Hamada et al., 2008). E isoform is
identified as a byproduct of alternative splicing and is expressed in neurons, but its function is
still unknown (Gu et al., 2019). In addition to TRPA1, other TRPA subfamily members,
Painless and Pyrexia, have been identified as noxious heat sensors that trigger noxious heat
avoidance (Lee et al., 2005; Sokabe et al., 2008; Neely et al., 2011).

Although cold-activated TRPs have not been clarified in Drosophila, the involvement
of several TRP channels in cool temperature avoidance has been observed. In adults, Brivido
1-3 (Brv1-2, TRPPs) are required for cool sensing (Gallio et al., 2011). In larvae, TPRL (TRPC)
and Inactive (Iav, TRPV) are involved in innocuous cold avoidance (Kwon et al., 2010),
whereas polycystic kidney disease 2 (Pkd2, TRPP), no mechanoreceptor potential C (NompC,
TRPN), and TRPM (TRPM) are expressed in Class III multidendritic sensory neurons to

mediate noxious cold aversive behaviors (Turner et al., 2016).



1.2.2 IRs and GR are involved in thermosensation.

IRs belong to a highly divergent subfamily of ionotropic glutamate-like receptors
(iGluR) that are conserved across protostomes, including insects (Benton et al., 2009; Ni, 2021).
In Drosophila, 1Rs are broadly expressed in PNS and support multiple sensory processes,
including olfaction, gustation, thermosensation and hygrosensation (Van Giesen and Garrity,
2017). There are more than 63 IR proteins in Drosophila, including four co-receptors (/r8a,
Ir25a, Ir76b and Ir93a) and 59 tuning receptors (Benton et al., 2009; Koh et al., 2014; Van
Giesen and Garrity, 2017). Most receptors function by forming a complex between individual
stimulus-specific tuning receptors and one or two co-receptors (Van Giesen and Garrity, 2017).
As for the temperature sensation in adults, Ir21a/Ir93a/Ir25a are expressed in the cooling cells
(CCs) located in the antenna arista, regulating cool sensation (Knecht et al., 2016; Budelli et
al., 2019) (Fig. 1). In larvae, IRs are expressed in two clusters of cells located in the dorsal
organ ganglions (DOGs): dorsal organ cooling cells (DOCCs) (Klein et al., 2015) and dorsal
organ warm cells (DOWCs) (Hernandez-Nunez et al., 2021). DOCCs require
Ir21a/lr93a/lr25a to respond cooling while DOWCs require [r68a/lr93a/lr25a to respond
warming, which exhibit a cross-inhibition and contribute to thermal homeostasis (Fig. 1) (Ni
et al., 2016; Hernandez-Nunez et al., 2021; Tyrrell et al., 2021). Additionally, protein levels of
IRs determine responsiveness to cool in DOCCs, which leads to distinctive temperature
preference during the 3™ instar stages (Tyrrell et al., 2021).

GRs form a large gene family, which has been widely studied in insect gustation and
olfaction (Montell, 2021). One GR, GR28b(D), is activated by temperature increase over 25°C

and required for rapid response to increasing temperature in adults (Ni et al., 2013).

1.3 Potential correlation of fatty acid metabolism with thermal sensation.

Fatty acids are well known as energy storage sources, but they also exhibit various
functions being associated with channels and receptors (Falomir-Lockhart et al., 2019).
Polyunsaturated fatty acids (PUFAs) have been reported as ligands or activators for multiple
TRP channels (Yoo et al., 2014) and glutamate receptors (Dec et al., 2023). Additionally, fatty
acids play key roles in triacylglycerol (TAG) synthesis and TAG storage within lipid droplets,
shielding TRP channels from cellular oxidative stress (Circu and Aw, 2010; Kozai et al., 2014;
Jiang et al., 2023). At a behavioral level in Drosophila, a shift of temperature preference is
observed when a significant increase of PUFA is induced in multiple sensory neurons by an

ectopic expression of exogenous fatty acid desaturase (Suito et al., 2020). Moreover,



Drosophila larvae preferentially consume PUFA containing food under cold environment
(Brankatschk et al., 2018). However, the involvement of endogenous fatty acid-related
enzymes in thermotaxis remains unknown.

I expected that fatty acids and correlated lipid enzymes are involved in the mechanism
of temperature preference in Drosophila based on the previous findings. Therefore, my study
aims to identify lipid enzymes that modulate thermal sensation in Drosophila larvae, as well
as their potential regulatory mechanisms. I selected several genes encoding fatty acid
metabolizing enzymes particularly correlated with PUFA metabolisms or TAG synthesis. The
selected genes and their putative or reported molecular functions are as follows. 1) CG8839
and CG5112 encode fatty acid amide hydrolases (FAAHs), which hydrolyze anandamide and
release PUFA. 2) Inactivation no afterpotential E (inaFE) encode a diacylglycerol lipase
(DAGL), which hydrolyzes diacylglycerol (DAG) into monoacylglycerol (MAG) and PUFA.
3) MGAT-1/-2/-3 (the name given to CG1941/CG1942/CG1946 in this study) encode
monoacylglycerol acyltransferases (MGATs), which are involved in the TAG synthesis
processed by producing intermediate products DAG from MAG.

As aresult, I observed potential roles of CG8839, CG5112, and inaE in thermotaxis at a
behavioral level. In addition, I performed behavioral assays in multiple set-ups and observed
the involvement of MGAT-2 and MGAT-3 in cool avoidance in multiple sensory neurons.
Additionally, I conducted in vivo GCaMP-imaging and qPCR to investigate the physiological
mechanism of MGAT-2 in cool sensation. The results suggested that MGAT-2 supported the
transcriptional level of /r25a transcription factor broad, which impacted Ir25a expression level
in DOCCs/DOWCs. This reduction led to a deteriorated cooling and warming responses in

DOCC/DOWC:s and an alternation in cool temperature avoidance.



2 Materials and Methods

2.1 Fly strains and rearing condition

Flies were reared on glucose-yeast-cornmeal media: 2,500 ml of reverse osmosis water,
180 g of cornmeal (Oriental Yeast), 100 g of dry brewer's yeast Ebios (#128-297405, Mitsubishi
Tanabe Pharma), 19 g of agarose (#RSU-ALO1, RIKAKEN), 250 g of glucose (#TDH, San-ei
Sucrochemical), 24 ml of Methyl 4-hydroxybenzoate (10% in 70% ethanol; #H5501, Sigma-
Aldrich) and 8 ml of propionic acid (#81910, Sigma-Aldrich). Flies were raised in vials or
bottles at 25°C under 12-hour light/12-hour dark cycle.

The following flies were obtained from the Bloomington Stock Center (stock numbers
are indicated): vas-cas9 (X) (#51324), CG8839EF (#26990), CG5112FC (#16284), inaEN'%
(#42243), {MGAT-1/-2/-3} (#90443), UAS-dicer2 (#24650), elav-GAL4 (#8760), iav-GAL4
(#52273), TRPL-GAL4 (#29134), Ir25a-GAL4 (#41728), RIIF02-GAL4 (#49828), UAS-
hMOGAT2 (#82252), UAS-hMOGAT3 (#84925), UAS-hDGAT2 (#84854), and UAS-
GCaMP8m (#92591). Two RNAI lines were obtained from the Vienna Drosophila RNAi
Center: UAS-MGAT-2-RNAi (#7942) and UAS-MGAT-3-RNAi (#108495). The following
stocks were provided by the indicated investigators: trpA1-AB-GAL4, trpA1-CD-GAL4 (Dr. C.
Montell) and Ir21a-GAL4, Ir68a-GAL4 (Dr. P. Garrity). The following stocks were created in
our laboratory: CG8893KC, MGAT-150, MGAT-2X0, MGAT-3X0, UAS-MGAT-2 and UAS-
MGAT-3. All stocks expected for UAS-GCaMP8m were outcrossed for at least five generations
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to the w''’° genetic background as a control.

2.2 Generation of CG8893%C, MGAT-1%°, MGAT-2%%, and MGAT-3%0 flies

CG8893KC0 MGAT-1%°, MGAT-2%° and MGAT-3%° fly lines were generated using the
CRISPR/Cas9 technique. MGAT-1 was generated through non-homologous end
joining (NHEJ), while CG8839, MGAT-2 and MGAT-3 were generated through homology
directed repair (HDR).

Guide RNAs (gRNAs) target the coding region of CG8839, MGAT-1, MGAT-2, and
MGAT-3 were designed using the ‘Find CRISPRs’ online tool (http://www.flyrnai.org/crispr2/)

(Housden et al., 2016) and listed as follows [protospacer adjacent motifs (PAMs) were
underlined]:

CG8839: AGAATGGCATCTGTGATCGGIGG

MGAT-1: GCGTCGCCAGACGTTTGCCATIGG

MGAT-2: ATCTGCAGTCGGCGTTCCAGAGG
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http://www.flyrnai.org/crispr2/

MGAT-3: GGCTCCTCTCCGGGTTCCGCIGG

gRNAs were constructed into gRNA vector pU19 U6 wukong (Dr. C. Montell) by PCRs,
which were performed using gRNA vector Phusion High-Fidelity DNA Polymerase (#M0530S,
Invitrogen), sense and antisense gRNA primers (Primers #1-8, Table 1) and pU19 U6 wukong
as a template. PCR products were phosphorylated by T4 Polynucleotide Kinase (#TKR-2021S,
Takara) following the manufacturer’s standard protocol. Phosphorylated PCR products were
ligated by Ligation High Ver. 2 (#LGK-201, Toyobo) for 2 hours and transformed into E. coli.
E. coli culture was plated on LB agar (#20067-85, nacalai tesque) containing 100 pg/mL
Ampicillin (#016-23301, Wako) in a 10-cm petri dish (#SH90-15, Iwaki) and incubated
overnight at 37°C. The colonies were inoculated into Plusgrow II (#08202-75, nacalai tesque)
containing 100 pg/mL Ampicillin and cultured overnight in a 37°C shaker. Plasmids were
extracted using NucleoSpin Plasmid EasyPure (#U0727C, Takara). The presence of gRNAs in
plasmids was confirmed by sequencing.

For generating CG8839, MGAT-2 and MGAT-3 knockouts through HDR, additional
constructs with two genomic DNA fragments (~1 kb) flanking each side of the cas9 cleavage
region were generated.

To amplify genomic DNA templates from vas-cas9 (X) flies, DNA extraction solution
was freshly prepared with a 50 ul squishing buffer (10 mM Tris-HCI, pH =8.3; | mM EDTA;
25 mM NaCl) and 0.5 pl 200 ug/ml Proteinase K (#169-21041, Wako). 3-10-days-old adult
flies were anesthetized on ice and homogenized in the DNA extraction solution with a 100-pl
pipette tip and incubated at 37°C for 30 minutes followed by 85°C for 1.5 minutes. After
cooling down and 10-times diluted with Milli-Q water, genomic DNA solution was stored at -
20°C until further use. To subclone the DNA fragments into the pHD-Scarless-DsRed plasmid
(#64703, Addgene) for HDR, vector and genomic DNA fragments were amplified using
Phusion High-Fidelity DNA Polymerase (#M05308S, Invitrogen) and primers #9-16 (Table 1).
Amplified products were incubated with NEBuilder HiFi DNA Assembly kit [#E2621, New
England Biolabs (NEB)] at 50°C for one hour and transfected into E.coli. Plasmids were
extracted through NucleoSpin Plasmid EasyPure (#U0727C, Takara) and the successful
insertion of genomic DNA fragments were confirmed by restriction enzyme digestions and
sequencing.

Then, plasmids were sent for microinjection (BestGene). MGAT-1 gRNA vector was
microinjected into vas-cas9 (X) embryos to generate MGAT-1%°. CG8839, MGAT-2, and
MGAT-3 gRNA vectors together with HDR vectors were microinjected into vas-cas9 (X)
embryos to generate CG88395C, MGAT-25° and MGAT-3%°. Flies carrying mutations were

11



selected by sequencing the gRNA cleavage region (MGAT-15°) or tracking DsRed markers
(CG8839K0, MGAT-2%0 and MGAT-3%9). Genotypes of knockout flies were confirmed by PCR
using KOD One PCR Master Mix Blue (#KMM-201, TOYOBO) with genotyping primers
(#25-32, Table 1).

2.3 Generation of MGAT-2 and MGAT-3 transgenic flies.

MGAT-2 and MGAT-3 overexpression lines were generated using ¢C31 site-specific
integration system.

To prepare cDNA templates, 5-6 whole-body larvae were collected and homogenized
in ice-cold phosphate buffered saline (PBS) solution with a pestle. After removing PBS by
centrifuge, total RNA was extracted with Sepasol-RNA I Super G (#0937984, nacalai tesque)
following the manufacturer’s standard protocol. Subsequently, extracted RNA was treated with
Recombinant DNase I (#2270A, Takara) for 30 minutes, followed by Phenol: Chloroform:
Isoamyl Alcohol Mix (#25970-14, nacalai tesque) denaturation. Then, RNA was precipitated
with 100% ethanol (EtOH) and CH3COONa (300 mM, #06893-24, nacalai tesque) by
incubating on ice for 30 minutes and washed with 70% EtOH. Total RNA was dissolved in
RNase-free water and RT-PCR was conducted using extracted total RNA following the
manufacturer’s protocol. 13 pl reaction premix containing 50 uM Oligo(dT)z20, 10 mM dNTP
mix, 5 mg of total RNA in DEPC-treated water was prepared in a 0.2-ml PCR tube. The premix
was incubated at 65°C for 5 minutes and chilled on ice for over 1 minute. The incubated
reaction premix was combined with 7 pul of mix containing 4 pl of 5X SuperScript IV RT buffer,
1 pl of 100 mM DTT, 1 pl of SuperScript™ IV Reverse Transcriptase (#18090010, Invitrogen),
and 1 pl of RNaseOUT™ Recombinant Ribonuclease Inhibitor (#10777019, Invitrogen). The
reaction mix was incubated at 55°C for 10 minutes followed by 80°C for 10 minutes. RT
product was stored in -20°C until further use.

Coding sequences (CDSs) of MGAT-2 and MGAT-3 were PCR amplified from w!/’8
cDNA using KOD One PCR Master Mix Blue (#KMM-201, TOYOBO) and MGAT-2 and
MGAT-3 subcloning primers (#33-36, Table 1). MGAT-2 amplified product was subsequently
digested with Xho I (#R1046s, NEB) and Spe I-HF (#R3113S, NEB), while MGAT-3 amplified
product and empty vector pJFRC7-20XUAS-IVS-mCD8::GFP (#26220, Addgene) were
digested with Xho I (#R1046s, NEB) and Xba I (#R0145S, NEB). All restricted enzyme
digestions were incubated in 37°C for 1 hour. PCR products of MGAT-2 and MGAT-3 were
ligated with pJFRC7-20XUAS-IVS-mCDS8::GFP (#26220, Addgene) by Ligation High Ver. 2
(#LGK-201, Toyobo) for 30 minutes and transformed into E. coli. Plasmids were extracted

12



through NucleoSpin Plasmid EasyPure (#U0727C, Takara), and the existence of MGAT-2 and
MGAT-3 were confirmed by restriction enzyme digestions and sequencing.

Constructed vectors were microinjected into P{CaryP}55C4 (BDSC #8622) embryos
to generate UAS-MGAT-2 and UAS-MGAT-3. Flies carrying transgenic insertions were selected
by tracking red-eye markers. Genotypes of transgenic flies were confirmed by PCR using KOD
One PCR Master Mix Blue (#KMM-201, TOYOBO) with genotyping primers (#37-39, Table

D).
2.4 Quantitative PCR (qPCR)

Early or late 3" instar larvae (8~10 whole bodies) or ~70 dissected anterior regions (Fig.
2) were collected and homogenized in ice-cold PBS solution with a pestle. After removing
PBS by centrifuge, the total RNA was extracted with Sepasol-RNA I Super G (#0937984,
Nacalai) following the manufacturer’s standard protocol. Then, RNA was treated with
Recombinant DNase I (#2270A, Takara) for 30 minutes, followed by Phenol: Chloroform:
Isoamyl Alcohol 25:24:1 Mixed (#25970-14, Nacalai) denaturation. RNA was precipitated
with 100% ethanol (EtOH) and CH3COONa (300 mM, #06893-24, Nacalai) by incubating in
-20°C overnight and washed with 70% EtOH. Total RNA was dissolved in RNase-free water
and RT-PCR was conducted using extracted total RNA. 2 mg of total RNA diluted in 8 pl
DEPC-treated water in a 0.2-ml PCR tube was incubated at 65°C for 5 minutes and chilled on
ice for over 1 minute. Then, the RNA was mixed with 2 pl ReverTra Ace qPCR RT Master Mix
(#FSQ-201, Toyobo) and incubated at 50°C for 15 minutes followed by 98°C for 5 minutes.
RT products were stored in -20°C until further use.

Primer sequences used for qgPCR were described in Table 2. Ribosomal protein 49 (rp49)
was used as a reference gene for the normalization of transcript levels. Quantitative PCR was
performed using Applied Biosystems 7300 Real Time PCR System. The qPCR protocol
consisted of an initial denaturation step at 98°C for 2 minutes, followed by 35 cycles of
denaturation at 98°C for 10 seconds, annealing at 60°C for 10 seconds, and extension at 68°C
for 30 seconds followed by a melt point measurement from the initial protocol of the gPCR
machine.

Thunderbird Next SYBR qPCR Mix (#QPX-201, Toyobo) was used in reactions. AACt
method was used for data analysis and the relative gene expression level of mutants was

normalized by rp49 and to positive control w!//®as a value of 100%.
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2.5 Temperature gradient assays

Temperature gradient assays were conducted under two temperature conditions: 16°C -
26°C and 8°C -35°C.

To prepare synchronized larvae for temperature gradient assays, females were allowed
to lay eggs in new food vials within a 3-6-hour time window. Then, larvae were raised in the
same vial until they grow to test stages (2" instar: 48 hours AEL; Early 3™ instar: 72 hours
AEL; Late 3™ instar: 120 hours AEL). Control and mutants were examined on the same day.

Larvae were collected from the food into an 18% (72 and 120 hours AEL) or 22% (48
hours AEL) sucrose solution in 50 ml tubes (#1342-050S, Watson) to allow the larvae to float
and the debris to sink. The top layer containing larvae were transferred to another 50 ml tube,
which was filled with fresh 18% or 22% sucrose solution. The top layer with larvae was again
transferred to a fresh 50 ml tube and the larvae were washed thoroughly with reverse osmosis
(RO) water twice. The larvae were kept in a 35 mm dishes (#1000-035, Iwaki) at room
temperature for 5-10 minutes to allow them to recover from the washing procedure, and
subsequently used for the assays.

16°C -26°C temperature gradient assay was conducted following the previous studies
(Sokabe et al., 2016; Liu et al., 2018) with modifications. Two aluminum plates (outer: 14 x
10.1 x 0.9 cm, inner 12.9 x 8.7 x 0.8 cm) was coated with 20 ml 2% agarose (Fig. 3a, d). The
gel trays were placed on top of two aluminum blocks (5.1 cm wide, 25.5 cm long and 1.4 cm
thick) separated by 10 cm and connected to two circulating water bathes (NCB-1210A, Eyela)
to generate a continuous temperature gradient from 16°C -26°C (Fig. 3a-c). Agarose surfaces
were gently scratched and sprayed water to prevent the gels from drying. To verify the 16°-
26°C gradients, surface temperatures on the test plates in each center of six zone (2 cm wide)
was measured by a digital thermometer (MC3000, Chino) (Fig. 3b-d).

To initiate the 16°C -26°C gradient assay, 40~65 larvae on each plate was released in a
line at the border between the 22°C and 24°C zones (Fig. 3b). The whole surface of the gel was
covered with a microplate lid to minimize escaping of larvae. The experiments were conducted
under virtual darkness (<0.1 pW/cm?) in an acrylic box. Larvae at the early (72 hours AEL) or
late (120 hours AEL) 3™ instar stage were allowed to make temperature selection on plates in
dark during testing time for 17 or 11 minutes. The distribution of larvae on each plate was
captured by a digital camera (GR digital III, Ricoh). The center of each larva was determined
as a distributed position recorded using Fiji (Schindelin et al., 2012) (Fig. 3d).
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To draw the distribution of larvae in every 2-cm zone on plates, larvae were tabulated in
the six temperature zones on each plate, represented by the center temperature (Fig. 3b). The
proportion of larvae in each temperature zones was calculated as (number of larvae in a given
2-cm zone)/(total number of larvae in six zones) x 100%. I omitted from the tabulation larvae
in the 0.45 cm borders between the gel and aluminum walls, larvae on the walls of the apparatus,
larvae outside of the plates and immobile larvae in the release zone. The values from the upper
and lower plates were averaged and treated as N=1. Plots of temperature distribution were
made by Excel Office 365 (Microsoft) and Prism 9 (GraphPad).

8°C -35°C temperature gradient assay was described previously (Takeuchi et al., 2009;
Suito et al., 2020), with modifications. The testing plate was assembled with an aluminum sheet
(22.6 x 6.0 x 0.1 cm) and a rectangular acrylic ring structure (outer diameter 20.0 x 6.0 cm,
inner diameter 19 x 5 cm, 0.5 cm height) which formed a shallow tray (Fig. 4a). The interior
of this tray was covered with a black aluminum tape (#J3270, Nitto). On the backside of the
aluminum plate, two acrylic rods (18 x 0.5 x 0.5 cm) were attached to the longer edges to
facilitate the fixation of the testing plate between the water-bath-connected aluminum blocks
(Fig. 4b). Two trays were covered with 20 ml 2% agarose. In each tray, two acrylic rods (18 x
0.5 x 0.5 cm) were placed at longer edges during agarose solidification to generate two gaps
for preventing larval escaping (Fig. 4b). Agarose surfaces were gently scratched and sprayed
water to prevent the gels from drying. Gel trays were placed on top of two aluminum blocks
separated by 18 cm and and connected to two circulating water bathes (NCB-1210A, Eyela) to
generate a continuous temperature gradient from 8°C -35°C (Fig. 4b-d). Surface temperatures
were measured every 3 cm on the test plate 0.5 cm from the wall by a digital thermometer
(#MC3000, Chino) (Fig. 4c, d).

To initiate the 8°C -35°C gradient assay, 40~65 larvae were released in a line at 23°C
(48, 72 hours AEL) or 29°C (120 hours AEL) (Fig. 4c). Each tray was placed with a rectangular
acrylic ring structure (outer diameter 20.0 x 6.0 cm, inner diameter 19 x 5 cm, 0.5 cm height)
and a square glass (20.0 x 6.0 x0.1 cm) covered with hydrophobic film (MF-600, Fujifilm) at
both sides to prevent larval escaping, heat loss and fog (Fig. 4b). The experiments were
conducted under LED red light (>600 nm) in an acrylic box. Larvae at the 2"¢ (48 hours AEL)
or early 3™ (72 hours AEL) instar stage were allowed to make temperature selection on plates
during testing time for 15 minutes while larvae at the late 3™ (120 hours AEL) instar stage were

tested for 10 minutes. The distribution of larvae on each plate was captured by a digital camera
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(GR digital III, Ricoh). The center of each larva was determined as a distributed position
recorded using Fiji (Schindelin et al., 2012) (Fig. 4e).

To draw the distribution of larvae in every 3 cm zone on plates started from 8°C, larvae
were tabulated in the nine temperature zones on each plate (Fig. 4c). The proportion of larvae
in each temperature zones was calculated as (number of larvae in a given 3 cm zone)/(total
number of larvae in six zones) x 100%. I omitted from the tabulation larvae 0.5 cm from the
aluminum walls, larvae outside of the plates and immobile larvae in the release zone. The
values from the upper and lower plates were averaged and treated as N=1. Plots of temperature

distribution were made by Excel Office 365 (Microsoft) and Prism 9 (GraphPad).

2.6 Thermal two-way choice assay

The two-way choice assay was based on a method previously described
(http://www.natureprotocols.com/2008/07/28/assaying_thermotaxis_behavior.php), with
modifications. Early 3" instar larvae (72 hours AEL) were reared and collected as previously
described in temperature gradient assays.

The assay was conducted on a test plate (outer: 14 x 10.1 x 0.9 cm and inner: 12.9 x 8.7
% 0.8 cm), which was coated with 25 ml of 2% agarose (Fig. 5a). It was placed on top of two
adjacent aluminum blocks, which were separated using a plastic film as a spacer. The blocks
were individually temperature controlled using a circulating water bath (NCB-1210A, Eyela).
Agarose surfaces were gently scratched and sprayed water to prevent the gels from drying.
Surface temperatures on the center of each side of the test plate were measured and confirmed
using thermometers (#MC3000, Chino).

To initiate the assay, 40-65 larvae were released in a line at the border between the 24°C
and other temperature areas (release zone) (Fig. 5a, b). Experiments were conducted under red
LED light (>600 nm). The distribution of larvae on the plate was captured by a digital camera
(#FL-CC1218-5MX, Ricon) after 15 minutes and the center of each larva was determined as a
distributed position marked using Fiji (Schindelin et al., 2012) (Fig.5b). The preference index
(PT) was calculated using the following formula: (Number of larvae on 24°C — Number of
larvae on other temperatures) / (Total number of larvae on the test tray). Larvae within the
release zone (1 cm wide) were not counted in either temperature zones or those outside the

trays were not counted in the calculation.
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2.7 Evaluation of developmental rate

In order to determine the timing of third-instar entry and pupation rate in Drosophila
larvae, I followed the method described in previous report (Sokabe et al., 2016).

Larvae displayed club-like structure or branched-like spiracles were determined as 2" or
3" instar larvae (Pogas et al., 2020) (Fig. 6). Larvae at the transition stage from 2" to 3" instar
displayed two pairs of mouth hooks (Pogas et al., 2020), they were treated as 3" instar larvae
when checking the timing of third-instar stage entry. To check the timing of third-instar stage
entry, 15 larvae were collected 74 hours AEL and transferred to a glass slide. Larvae were then
gently squashed between a glass slide and a cover glass, and their mouth hooks and spiracles
were examined under a Nikon TE300 microscope to determine the proportion of third-instar
larvae (Fig. 6).

The pupation timing was assessed by counting the number of larvae on the vial walls
during light periods every 12 hours, starting from 108 hours AEL. The percentages of pupae
were calculated based on the maximum number at 228 hours AEL. T50 and T80 were the times

at which 50% and 80% of the pupae were produced, respectively.

2.8 Locomotion assay

To perform the larval locomotion assays, early 3™ instar larvae (72 hours AEL) were
prepared in the same manner as described in temperature gradient assays.

The aluminum plate (outer: 14 x 10.1 x 0.9 cm and inner: 12.9 x 8.7 x 0.8 cm), coated
with 25 ml 2% agarose was placed on two adjacent aluminum blocks maintaining 24°C or 18°C
using the circulating water bath (NCB-1210A, Eyela) (Fig. 7a). The surface temperature was
measured using thermometers (MC3000, Chino).

To initiate the assay, 10-12 larvae were sparsely released on the plate to prevent physical
contact (Fig. 7b). I acclimated the larvae to the environment for 3 minutes and tracked their
movements during the following 2 minutes. The movie was shot by a digital camera (FL-
CC1218-5MX, Ricon) under red LED light (>600 nm) and the movie was imported into
behavior tracking software Move-tr/2D to track and display the movement trajectory of each
larva (Fig. 7c). The length of tracked distance in each individual was defined as “Moving
distance”. The number of angels less than 150° displayed in the movement trajectory was

tracked manually and defined as “No. of turning (# of turning)” (Fig. 7d).
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2.9 invivo GCaMP-imaging

in vivo GCaMP-imaging referred to the previous report with modifications (Klein et al.,
2015). To measure the calcium responses of DOCCs and DOWCs, UAS-GCaMP8m was
expressed with RI1F02-GAL4 and Ir68a-GAL4, respectively. To conduct this assay, early 3™
instar larvae (72 hours AEL) were prepared in the same manner as thermal behavioral assays
described above. HL3 solution and calcium-free HL3 solution and were prepared with 70 mM
NaCl, 5 mM KCl, 10 mM NaHCOs3, 20 mM MgCl, 5 mM HEPES, 115 mM sucrose and 5
mM trehalose (pH 7.2), with or without 1.8 mM CaCl,. Anterior region of one larva was fixed
on a silicone gel (Shin-Etsu, KE-1606) disc with 15 mm diameter, using insect dissection pins
(Austerlitz 0.1 mm, Czech Republic). The silicone gel with the larva was fixed in the testing
chamber in calcium-free HL3 bath solution (Fig. 8a, b). The fixed larva was placed under the
Leica DM6 B upright microscope with the silicone gel in the test chamber (Fig. 8a, d). HL3
solution was filled to the chamber until it attached to the 25x/ 0.95 HC Fluotar water immerse
lens (Leica) set on the microscope (Fig. 8c). HL3 solution was perfused at a 2.6 ml/minute
speed by a peristaltic pump (PSMO071AA, Advantec) connected to inline temperature controller
(SC-20, Warner) and generated temperature fluctuation (Fig. 8c). During the recording,
temperatures were first stabilized at 20°C for 1 minute, then went through two sinusoidal-like
waves range from 18°C to 24°C within 4.5 minutes. Temperature close to the sample was
recorded by a temperature controller (CL-100, Warner) with a thermistor probe (TA-29,
Warmer) (Fig. 8c, d). Temperature fluctuations were recorded by AxoScope (Molecular
Devices). GCaMP signals were captured with a 3-second interval for 5.5 minutes and tracked
by DFC9000 sCMOS camera (Leica) connected to the microscope (Leica DM6 B upright,
Leica) and recorded by Leica Application Suite X (Leica).

GCaMP-signal-recordings were treated with a computational clearing method
(Thunderbird) and exported as multiple TIFF images and analyzed in ImageJ (Schneider et al.,
2012). During analysis in ImageJ, StackReg plugin was used to optimize the alignment of cell
images at a fixed position if a minor shake was observed during the recording. Temperature
changes were analyzed by AxoScope (Molecular Devices) and Clampfit 11.2 (Molecular
Devices).

Changes in fluorescence intensity (AF/Fmin) were used to assess the Ca?* responses [[(Ft
—Fmiv)/Fmin]. Ft corresponds to the value obtained every 3 s, while FO indicated the minimum
response recorded between 1-5 minutes. Average ratio of maximum/minimum GCaMP-

fluorescence (Fmax/Fmiv) were determined as the mean value of maximum/minimum GCaMP-
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fluorescence between 60-162 seconds and 168-270 seconds in DOCCs and between 60-150
seconds and 174-264 seconds in DOWCs. The area under curve was computed using
trapezoidal rule [(Ft + Ft +1)/2 x 3 (sampling interval)] in two cooling (1%: 96-162 seconds;
27d: 204-270 seconds) or warming (1% 114-150 seconds and 2"%: 219-264 seconds) periods in
DOCCs or DOWCs. The calculations were normalized to the area under curve of the 1% cooling
process (96-162 seconds, DOCCs) or the 1% warming process (114-150 seconds, DOWCs) in
MGAT-2%0/+; RI1F02-GAL4/+ or MGAT-2%°/+; Ir68a-GAL4/+ controls to a value of 1.The
average activation duration was calculated as the average of the time duration (in seconds)
from the minimum to the maximum GCaMP-fluorescence of 60-162 seconds and 168-270

seconds (DOCCs) or 60-150 seconds and 174-264 seconds (DOWCs).

2.10 Statistical analysis

All data were presented as means =+ standard error of mean (SEM). The number of times
each experiment was performed (N) is indicated in the figure legends. The normality of
distributions was assessed by Kruskal-Wally’s test (p < 0.05 rejected normal distribution). For
pairwise comparisons, statistical analysis was tested by unpaired Student’s t-test when
normally distributed and by Mann-Whitney U test when not normally distributed. For multiple
pairwise comparisons, one-way analysis of variance (ANOVA) with the Dunnett’s or Tukey’s
post hoc analysis was used for the normal distribution cases and Kruskal-Wallis test with Steel
test or Steel-Dwass test was performed for the not normally distributed sets. Statistical tests
were performed using Prism 9 (GraphPad) or EZR (version 1.61; Saitama Medical Center, Jichi
Medical University) (Kanda, 2013), which is a graphical user interface for R (The R
Foundation for Statistical Computing). Statistical significance is indicated by asterisks, where

*P <0.05, **P <0.01, and ***P < 0.001. NS denotes not significant.
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3 Results

3.1 FAAHs displayed potential involvements in warm avoidance of

Drosophila larvae.

CG8839 was reported as a human FAAH2 ortholog in Drosophila (Jacobs and Sehgal,
2020). To explore the possible involvement of CG8839 in Drosophila thermal preference, 1
performed temperature gradient assays using CG8839 mutants, CG8839:7 and CG8839X9.
CG8839EF is a P-element insertion mutant generated in the FlyBase distribution project, with
an EP element (Bellen et al., 2004) inserted 1.3 kb upstream of the start codon (Fig. 9a). The
expression of CG8839 in this allele was significantly reduced to 68.38% + 4.66% of the control
(Fig. 9b). I generated CG8839%© by inserting a DsRed marker (~1.8 kb) 120 bp downstream
from the start codon by CRISPR/Cas9 (Fig. 9a). CG5112 was selected as a putative FAAH
function annotated by FlyBase. To investigate its possible involvement in temperature
sensation, I utilized a CG5112°¢, a P-element insertion mutant generated by the FlyBase
distribution project (Hécker et al., 2003). Since a PC element (Bellen et al., 2004) with a length
of ~8.2 kb is inserted into the 1% exon, 241 bp downstream from the start codon (Fig. 9¢), this
P-element allele was predicted as a null mutant.

I first tested early and late 3™ instar larvae under a 16°C -26°C thermal gradient (Fig.
10a, b). At the early stage, control and CG8839%F both accumulated in the 24°C zone (control:
23.40 + 3.09%; CG8839EF: 28.34 + 3.11%) (Fig. 10a). At the late stage, although both control
and CG88395F migrated to the cool range, control accumulated toward the 16°C zone (35.83
+ 3.54%), while CG8839%F showed no obvious peak in 16°C-20°C zones (Fig. 10b). These
results suggested that CG8839 may be involved in warm avoidance at late 3™ instar stage.

Since 16-26°C did not cover the whole physiological temperature range for Drosophila,
making it difficult to discuss beyond this temperature range, I extended the range to 8°C -35°C,
which included the optimal temperature range and noxious temperatures for Drosophila
(Barbagallo and Garrity, 2015).

On an 8°C -35°C temperature gradient, control at the early 3™ instar stage showed
highest accumulation in the 23°C -26°C zone (31.27 + 2.78%), which was consistent with the
16°C -26°C gradient condition above. CG8839%F larvae displayed a tendency of more
accumulation in temperature zones between 8°C and 23°C, while CG8839%° showed a mild
shift to the warm temperatures showing no obvious peak accumulation in 23°C -26°C and

26°C -29°C zones (23°C -26°C: 24.73 + 2.70%; 26°C -29°C: 24.56 + 2.82%) (Fig. 10c). At
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the late 3™ instar stage, control and CG8839%9 larvae shifted towards cool temperature and
showed no obvious peak from 11°C -23°C while CG8839%F accumulated in the 20°C -23°C
zone (28.58 + 6.59%, 24.89 + 3.29%) (Fig. 10d). CG51127¢ larvae exhibited the highest
accumulation in the 23-26°C zone (34.71 + 2.82%), which was comparable to the control (Fig.
10c), however, at the late 3 instar stage, CG5112"C still accumulated in the 20°C -23°C zone
(28.58 £ 6.59%, 24.89 + 3.29%) (Fig. 10d).

As for CG8839, the thermal preference results were not consistent between CG88395F
and CG8839X9, but given that the latter is a null mutant, CG8839 might be involved in warm
temperature avoidance especially at the early 3™ instar stage. On the other hand, CG5112 could
play a role in warm avoidance at the late 3™ instar stage. Taken together, FAAHs including

CG8839 and CG5112 may be involved in promoting warm avoidance at 3™ instar stage.

3.2 DAGL (inaE) played a potential role in temperature gradient

discrimination of Drosophila larvae.

inaE was identified as a DAGL coding gene in Drosophila (Leung et al., 2008). I utilized
a hypomorphic inaE mutant (Leung et al., 2008), inaEV'?°, to explore the possible involvement
of DAGL in temperature preference by thermal gradient assays.

Under the 16-26°C temperature condition at the early 3™ instar stage, control larvae
showed an equal distribution in all temperature zones with no clear preference or avoidance,
whereas inaEV'?’ larvae exhibited the highest proportion in the 22°C zone (28.66 + 1.67%)
(Fig. 11a). At the late stage, control exhibited the highest proportion in the 16°C zone (31.76
+3.39%), whereas inaE"'? larvae stayed in 20°C and 22°C zones (20°C: 27.02 + 2.03%; 22°C:
27.15 +2.08%) (Fig. 11b).

On a wider temperature gradient (8°C -35°C), control larvae at the early 3™ instar stage
displayed a peak distribution in the 23°C -26°C zone (23.34 + 0.92%), while the inaEN'?°
slightly shifted to cool temperatures and displayed more accumulation in the 20-23°C zone
than the control (Control: 20.94 + 5.30%; inaEN'?°: 26.96 + 3.62%) (Fig. 11¢). At the late stage,
both control and inaE™?’> moved toward cool temperatures and displayed no obvious peak
from 11°C -23°C (Fig. 11d).

Overall results suggested that inaE could be involved in temperature sensation, but the
outcomes were complicated. The discrepancy between two different gradient conditions might
be a resultant of a different temperature slope generated on plates: 16°C -26°C condition had
a slope at 1°C/cm, while 8°C -35°C condition had a slope at 1.5°C/cm. If inaFE is particularly

important for temperature discrimination at high resolution, inaEV'?° may fail to discriminate
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small changes in temperature in the 16°C-26°C condition. Taken together, these results

suggested a plausible involvement of DGAL (inaE) in temperature gradient discrimination.

3.3 MGAT-2 and MGAT-3 were involved in the cool avoidance of Drosophila

larvae.

3.3.1 Drosophila MGATs were possible orthologs of human monoacylglycerol O-
acyltransferase 2 (MOGAT:).

Drosophila  genes MGAT-1 (CG1941, FBgn0033214), MGAT-2 (CGI1942,
FBgn0033215) and MGAT-3 (CG1946, FBgn0033216) were named after the putative
molecular function annotation described as MAG/DAG acyltransferases by FlyBase,
Drosophila Gene Ontology annotation (Tweedie et al., 2009), and following analysis. These
genes tandemly aligned to form a cluster on the genome (Fig. 12a) with a high amino acid
identity (MGAT-1 & MGAT-2: 69.60%; MGAT-1 & MGAT3: 65.91%; MGAT-2 & MGAT-3:
67.05%). They all have six exons, with a same number of amino acids (aa) in MGAT-1/-2 (353
aa), and 350 aa in MGAT-3. These facts imply that the MGATs may share similar molecular
functions.

Enzymes function as MAG/DAG acyltransferases belonged to diacylglycerol
acyltransferase 2 (DGAT2) family (Turchetto-Zolet et al., 2011). In case of human, six genes
[DGAT2, DGAT2L6, MOGAT1/2/3, and Acyl-coA wax alcohol acyltransferase 1 (AWAT1)]
are included in DGAT?2 family (Turchetto-Zolet et al., 2011). When I compared the amino acid
sequence between Drosophila MGAT-1/-2/-3 and the six members in human DGAT?2 family,
Drosophila MGAT-2 and MGAT-3 displayed the highest identity to human MOGAT2 (MGAT-
2:39.52%, MGAT-3: 39.82%) (Ensembl). Drosophila MGAT-1 showed the highest identity to
DGAT2-like 6 (DGAT2L6) (39.47%) and the second highest identity to MOGAT3 (38.20%)
(Ensembl). Therefore, MGAT-1/-2/-3 in Drosophila displayed higher amino acid conservation
to human MOGATSs than other members in DGAT2 family, suggesting a possible conserved
function as MGAT.

3.3.2 MGAT-2IMGAT-3 supported the discrimination between optimal and lower

temperatures.

To study the loss-of-function of MGAT-1/-2/-3 in temperature sensation, I generated
MGAT knockout lines using CRISPR/cas9 technique (Fig. 12b-d). MGAT-1X° was generated
by introducing 5 bp deletion in the 1% exon to induce a frameshift (Fig. 12b), while MGAT-2%0
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and MGAT-3%° were generated by inserting a DsRed reporter 33 bp and 28 bp downstream of
the start codon, respectively (Fig. 12c, d).

I tested mRNA levels of MGAT-1/-2/-3 in MGAT-KOs to examine potential effects of
expression levels within the MGAT-cluster. As a result, mRNA levels of MGAT-1, MGAT-2 or
MGAT-3 was abolished in each targeted allele, which showed more than 95% reduction
compared with the control (Fig. 13). Interestingly, MGAT-2 mRNA level in MGAT-1%° was
significantly reduced compared to the control (MGAT-2: 47.30 + 10.00%) (Fig. 13a), this
reduction in neighboring-gene mRNA level was also observed in MGAT-2X0 (MGAT-3: 52.08
+ 5.73%) and MGAT-3X0 (MGAT-2: 33.28 + 3.70%) compared to the control (Fig. 13b, c).
These results indicated that targeted MGAT-1/-2/-3 knockouts were null-mutants, and their
reduced expression level possibly suppressed the expression of MGATs within the cluster at a
transcriptional level.

To investigate the involvement of MGAT-1/-2/-3 in thermal preference through larval
developmental stages, I first tested MGAT knockouts on an 8°C -35°C temperature gradient
(Fig. 14 and 15). At the early 3™ instar stage, control and MGAT-1%X° showed the highest
accumulation in the 23°C -26°C zone (Control: 32.47 + 3.84%; MGAT-1%°: 38.53 + 2.70%)
(Fig. 14a, b and 15a). However, MGAT-2X0 displayed the highest distribution in the 20°C -
23°C zone (31.65 +4.30%) (Fig. 14c and 15a). This cool tendency was rescued by a wild-type
genomic transgene containing MGAT-1, -2 and -3 ({MGAT-1/-2/-3}) (Fig. 17a). This transgenic
line showed a peak distribution in 23°C -26°C zone (34.48 + 2.47%), which was a comparable
pattern to the control (Fig. 15a). MGAT-3%© displayed robust distribution in a cool range and a
distribution peak was in the 20°C -23°C zone (24.17 £+ 2.23%) (Fig. 14d and 15b). This loss
of cool avoidance was also rescued by the {MGAT-1/-2/-3} genomic rescue. This transgenic
line displayed a comparable pattern as the control and showed the highest distribution in the
23°C -26°C zone (32.34 + 1.57%) (Fig. 15b). At the late 3" instar stage, both control and
MGAT mutants shifted to lower temperatures. Control showed a peak in the 17°C -20°C zone
(26.45% £ 1.86%), while MGAT mutants showed shifts to cooler temperature zones (Fig. 15c¢).
I also tested the distribution of MGAT-25° and MGAT-3%© larvae at 2" instar stage. Control
showed a sharp peak with the highest accumulation in the 23°C -26°C zone (Control: 47.77 +
1.78%) (Fig. 16). MGAT-2%© also displayed the peak distribution in the 23°C -26°C zone
(42.03 + 7.09%), however, a higher distribution was observed in the 20°C -23°C zone and
lower temperature zones compared to the control (Fig. 16). MGAT-3%0 also displayed an
accumulation in lower temperature zones (Fig. 16). In all three larval stages, less than 5% of

larvae stayed at 8°C -11°C or 32°C -35°C zone in control and mutants. As results suggest,
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MGAT-2 and MGAT-3 contributed to innocuous cool temperature avoidance towards optimal
temperature in both 2" and 3™ instar stages. Despite a clear alteration of MGAT-2X° and
MGAT-3%9 at the multiple stages, I determined to follow behavioral observations at early 3
instar stage in the following studies due to easier handling of that stage of larvae.

Two-way choice assay allows Drosophila to select two distinct temperatures. I next
introduced a two-way choice assay to investigate another aspect of thermotactic behaviors of
MGAT-KOs. Larvae were released on a testing plate between two temperature sides, one side
was kept at 24°C and another side was set with test temperatures. Larvae were allowed to
freely decide and stay on either side. After a certain period, I counted the number of larvae on
each side and calculated the preference index (PI). A lack of temperature bias results in a PI of
0, whereas a complete preference for 24°C or the alternative temperature results in a PI of +1.0
or —1.0, respectively.

In a two-way choice assay, control and MGAT-1%° larvae selected 24°C over other
testing temperatures (16°C, 18°C, 20°C, 22°C, 26°C and 28°C) (Fig. 17a). Aversion of 26°C
and 28°C was observed in MGAT-2X0 and MGAT-3%°, however, they failed to distinguish from
16°C, 18°C, 20°C and 22°C to 24°C (Fig. 17a and 18). Such impaired ability was rescued in
MGAT-2%0; {MGAT-1/-2/-3} and MGAT-3%°; {MGAT-1/-2/-3} in a 20°C versus 24°C condition
(Fig. 17b, ¢). Given the interaction of mRNA expression between MGATs (Fig. 13), I tested
trans-heterozygous of MGAT-2X0 and MGAT-3X0 (MGAT-2X0/ MGAT-3%°). The result showed
a 20°C selection instead of 24°C (Fig. 17d), which further suggested the possible interaction
between MGAT-2 and MGAT-3.

Taken together, these results revealed the involvement of MGAT-2/MGAT-3 in

temperature discriminations between optimal temperature 24°C to lower temperatures.

3.3.3 Impaired cool avoidance in MGAT-2/-3 were not due to the changes in development.

Temperature preference of larvae appeared to be development-dependent from the early
to late 3™ instar stage (Fig. 15), a loss of cool avoidance in MGAT mutants may be due to
developmental changes. Thus, I examined the entrance of 3™ instar stage at 74 h AEL in control
and MGAT knockouts (Fig. 19a) and no significant difference were observed. Additionally,
pupation speeds were indistinguishable between mutants and control (Fig. 19b, c). These
findings suggested that the impaired cool avoidances in MGAT-2X0 and MGAT-3%° were

unlikely to be caused by changes in development.
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3.3.4 Role of MGAT-1/-2/-3 in temperature-dependent locomotion activities.

Drosophila larva determined the preferred temperature by reorientating the direction
from a sequence of running and turning events, and the turning events requires the temperature
discrimination (Luo et al., 2010). As a result, if cool avoidance was impaired in MGAT-2/-3
knockouts, larvae may require more “moving” and “turnings” for thermal decision-making
under a lower temperature. Therefore, I performed locomotion assays to observe the moving
distance and the number of turning in control and MGAT knockouts on an optimal temperature
24°C and a lower temperature 18°C. Under 24°C, no significant difference in moving distance
and the number of turnings were observed between control and MGAT knockout larvae (Fig.
20a, b). However, under 18°C, MGAT-3%9 showed a significantly longer moving distance (cm)
(Control: 3.52 + 1.80; MGAT-3%9: 4.69 + 0.35) and a higher number of turning than in the
control (number) (Control: 5.83 + 0.70; MGAT-3%°: 9.04 + 0.96) (Fig. 20c, d). This might

support the impairment of cool avoidance in MGAT-3%° from an alternative aspect.

3.3.5 MGAT-2 and MGAT-3 functioned in TRP channel expressing neurons.

To dissect the mechanism of MGATs in cool avoidance, it is necessary to address the
cellular requirement of MGAT-2 and MGAT-3. Given the fundamental role of the nervous
system in detecting and responding to temperature stimuli (Xiao and Xu, 2021), I first utilized
the GAL4/UAS system to perform RNAi-mediated knockdown of MGAT-2 or MGAT-3 using
a pan-neuronal driver (elav-GAL4) (Fig. 21a). In a 20°C versus 24°C condition, significant
reductions of 24°C selection in elav-GAL4/+-induced MGAT-2 or MGAT-3 knockdown (elav >
MGAT-2-RNAi,; elav > MGAT-3-RNAi) were observed compared to elav/+ control (Fig. 21b).
On an 8°C -35°C temperature gradient, while elav/+, MGAT-2-RNAi/+ and MGAT-3-RNAi/~+
controls displayed a clear peak in the 23°C -26°C zone, elav-GAL4/+-induced MGAT-2 and
MGAT-3 knockdown exhibited left shifts in the distribution (Fig. 21c). These results suggest
that MGAT-2 and MGAT-3 functioned in neurons to regulate thermal preference of larvae.

It has been reported that iav (TRPV) and TRPL (TRPC) were involved in cool
temperature avoidance of Drosophila larvae (Kwon et al., 2010; Rosenzweig et al., 2008). To
evaluate the possible interaction of MGAT-2 and/or MGAT-3 with iav or TRPL, I performed
RNAi-mediated knockdowns of MGAT-2/-3 using the iav- and TRPL-GAL4 drivers (Fig. 22).
In a 20°C versus 24°C condition, a significant reduction of 24°C selection was observed when
MGAT-2 or MGAT-3 was knocked down in iav-expressing neurons (iav > MGAT-2-RNAi, iav >
MGAT-3-RNAi) compared to iav/+ control (Fig. 22a), while no such reduction was observed
when MGATs were knocked down in TRPL-expressing neurons (TRPL > MGAT-2-RNAi,
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TRPL > MGAT-3-RNAi) compared to TRPL/+ control (Fig. 22b). Since lav is expressed in
chordotonal organs in the PNS (Kwon et al., 2010), I expected that both MGAT-2 and MGAT-
3 interacted with Iav in chordotonal organs to mediate innocuous cool avoidance.

Previous studies have implicated TRPA1 as a key player in warm avoidance responses
(Kwon et al., 2008; Shen et al., 2011; Sokabe et al., 2016). trpAl isoforms A and B were
expressed in larval CNS (Hamada et al., 2008; Li and Montell, 2021), whereas isoforms C and
D were expressed in the ventral nerve cord (VNC) and multidendritic (md) neurons (Zhong et
al., 2012). Also, artificial increase of PUFA in TRPAI1 neurons resulted in cool shift in
temperature preference (Suito et al., 2020). To explore the possibility of MGAT-2 and MGAT-
3 interaction with TRPA1, I performed RNAi-mediated knockdown of MGAT-2 or MGAT-3
using trpAI1-AB-GAL4 or trpAI-CD-GAL4 expressing in distinctive neurons (Fig. 23). In a
20°C versus 24°C condition, trpAI-AB/+-induced MGAT-3 RNAi knockdown (trpA1-AB >
MGAT-3-RNAi) displayed defect in 24°C selection compared to trpA1-AB/+ and MGAT-3-
RNAi/+ controls (Fig. 23a). In a 26°C versus 24°C condition, the defect in 24°C selection in
this RNAi knockdown line (trpA1-AB > MGAT-3-RNAi) was also observed compared to
trpA1-AB/+ control (Fig. 23b). trpA1-CD-GAL4/+-induced MGAT-2 or MGAT-3 RNAi
knockdown displayed no significant difference in 24°C selection in a 20°C versus 24°C
condition (Fig. 23c). On an 8°C -35°C temperature gradient, trpAIl-AB-GAL4/+-induced
MGAT-3 RNAIi knockdown (trpA1-AB > MGAT-3-RNAi) displayed an equivalent distribution
in 20°C -32°C zones, while peak distribution in trpA1-AB/+ and MGAT-3-RNAi/+ control was
clearly observed in 20°C -23°C zone (Fig. 23d). These results manifested that MGAT-3

distinctively function in trpA1-AB-expressing neurons to mediate warm avoidance.

3.3.6 MGAT-2 primarily functioned in DOCCs to mediate cool avoidance.

Dorsal organ cool cells (DOCCs) and dorsal organ warm cells (DOWCs) are located in
the dorsal organ ganglion (DOG) of Drosophila larvae and have been reported as warm and
cool temperature responding neurons (Hernandez-Nunez et al., 2021; Klein et al., 2015; Ni et
al., 2016; Tyrrell et al., 2021). Thus, it is possible that MGAT-2 and MGAT-3 are involved in
DOCCs or DOWCs to mediate cool avoidance. [r25a is an IR co-receptor which broadly
expressed in anterior sensory neurons including DOCCs and DOWCs and contribute to
thermosensation (Hernandez-Nunez et al., 2021). Therefore, I first performed RNAi-mediated
knockdown of MGAT-2 or MGAT-3 using an [r25a-GAL4 driver (Ir25a > MGAT-2-RNAI,
Ir25a > MGAT-3-RNAi) (Fig. 24a-c). In a 20°C versus 24°C condition, RNAi knockdown of
MGAT-2 in Ir25a-expressing neurons displayed a less selection of 24°C compared with Ir25a/+
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and MGAT-2-RNAi/+ controls (Fig. 24a) and RNAi knockdown of MGAT-3 in Ir25a-
expressing neurons also displayed a less selection of 24°C, compared with /r25a/+ and MGAT-
3-RNAi/+ controls (Fig. 24b). The distribution on an 8°C -35°C temperature gradient in
Ir25a/+, MGAT-2-RNAi/+, and MGAT-3-RNAi/~+ controls displayed the highest accumulation
in the 23°C -26°C zone (Fig. 24c), while RNAi-mediated knockdown of MGAT-2 or MGAT-3
using Ir25a-GAL4 driver (Ir25a > MGAT-2-RNAi, Ir25a > MGAT-3-RNAi) displayed a cool
shift of overall distribution with a peak accumulation in 20°C -23°C rather than 23°C -26°C
zone (Fig. 24c).

Ir21a and Ir68a were specifically expressed in DOCCs and DOWCs and mediate cool
and warm avoidance, respectively (Hernandez-Nunez et al., 2021; Ni et al., 2016). To dissect
the specific involvement of MGAT-2 and MGAT-3 in DOCCs and DOWC:s, I performed RNAi
knockdown of MGAT-2 or MGAT-3 using GAL4 lines specifically expressed in DOCCs
(R11F02-Gal4 and Ir21a-Gal4) and DOWCs (Ir68a-GAL4) (Fig. 24d-1). In a 20°C versus 24°C
condition, RNAi knockdown of MGAT-2 (R11F02 > MGAT-2-RNAi, in d; Ir21a > MGAT-2-
RNAi, in e) but not MGAT-3 (R11F02 > MGAT-3-RNAi, in d; Ir21a > MGAT-3-RNAi, in ¢), in
DOCC:s displayed a loss of 24°C selection compared to R//F02/+ or Ir21a/+ control (Fig. 24d,
e). RNAi knockdown of MGAT-2 in DOWCs showed a significantly less 24°C selection
compared to Ir68a/+ control (Fig. 24f).

To further confirm the involvement of MGAT-2 and MGAT-3 in DOCCs and DOWCs,
I first overexpressed MGAT-2 and MGAT-3 using transgenic lines and expressed them in /r25a-
expressing neurons under a knockout background by an /r25a-GAL4 driver. In a 20°C versus
24°C condition, MGAT-2 overexpression in Ir25a-expressing neurons (Ir25a > MGAT-2)
rescued the defect of 24°C selection observed in Ir25a/+ or UAS-MGAT-2/+ carried MGAT-
2KO (Fig. 25a). Then, I expressed MGAT-2 in DOCCs using R11F02-GAL4 driver in MGAT-
2K0 and it showed a rescued phenotype of 24°C selection in a 20°C versus 24°C condition,
compared to Ir25a/+ and MGAT-2/+ carried MGAT-2 %9 (Fig. 25a). Under the same condition,
MGAT-3 overexpression in Ir25a-expressing neurons (Ir25a > MGAT-3), Ir25a/+, and MGAT-
3/+ displayed loss of 24°C selection in MGAT-3%© (Fig. 25b). On an 8°C -35°C temperature
gradient, when MGAT-2 was overexpressed in DOCCs using R1/F02-GAL4 driver in MGAT-
2K0 larvae showed peak accumulation in the 23°C -26°C zone (Fig. 25c). Meanwhile,
RI1IF02/+ and UAS-MGAT-2/+ in MGAT-2%° background displayed highest peak in the 20°C
-23°C zone (Fig. 25¢).
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Collectively, these results revealed involvement of MGAT-2 in both DOCCs and
DOWC:s in cool avoidance, while complex roles of MGAT-3 in multiple neurons. Particularly,

MGAT-2 function in DOCCs may be sufficient for cool avoidance.

3.3.7 MGAT-2 function in cool avoidance was compensated by human MOGAT?2.

Drosophila MGAT-2 exhibited high identity to human MOGAT2. To investigate
whether the molecular function is conserved between human MOGAT?2 and Drosophila MGAT-
2, I overexpressed human DGAT?2 family members (MOGAT2, MOGAT3, and DGAT?2) in
DOCCs carried MGAT-2%°, using a R11F02-GAL4 driver. The rescued phenotype of 24°C
preference in a 20°C versus 24°C condition was only observed when overexpressing human
MOGAT?2 in DOCCs (R11F02 > hMOGAT?2) carried MGAT-2%°, compared to R11F02/+ and
hMOGAT2/+ carried MGAT-2X0 (Fig. 26). Overexpressing human MOGAT3 or DGAT?
(RIIF02 > hMOGAT3, RIIF02 > hDGAT?2) did not rescue the phenotype from RI1I1F02/+,
hMOGAT3/+ and hDGAT2/+ carried MGAT-2%° (Fig. 26).

These behavioral results suggested that human MOGAT?2 was able to compensate the
loss of MGAT-2 function in Drosophila. This may imply a conservated molecular function

between the human MOGAT?2 and Drosophila MGAT-2.

3.3.8 Loss of MGAT-2 caused the deterioration of cooling responses in DOCCs and

warming responses in DOWC:s.

Results showed above suggested the primary role of MGAT-2 in DOCCs, however, the
underline mechanism in these neurons needs further investigation. DOCCs responded to
temperature cooling process which attributed to cool avoidance of Drosophila larvae (Klein et
al., 2015; Ni et al., 2016). Therefore, MGAT-2 may be involved in mediating the cool response
of DOCCs. To assess whether MGAT-2 contributes to cooling sensation of DOCCs, I used a
genetically encoded calcium sensor GCaMP8m to perform in vivo-GCaMP imaging. R11F02 >
GCaMP8m was used to monitor cooling responses in DOCCs. As for the result, DOCCs
exhibited reduced responses to cooling in MGAT-2%©, and this defect was partially rescued by
the expression of an MGAT-2 transcript in the DOCCs using RI/F02-GAL4 (Fig. 27a-c).
Average ratio of maximum/minimum GCaMP fluorescent response (Fmax/Fuviv) from 24°C to
18°C was significantly reduced in MGAT-2%X° compared to MGAT-2X9/+ control (MGAT-250/+:
2.53 £ 0.14; MGAT-2%°: 1.70 + 0.17) (Fig. 27d). The area under curve during cooling from
24°C to 18°C also suggested the significant reduction of accumulated GCaMP8m fluorescent
response in MGAT-250 during 1% (MGAT-2X0/+: 1 + 0.09; MGAT-2%%: 0.67 + 0.06) and 2"
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(MGAT-2%0/+: 0.90 + 0.08; MGAT-2%9: 0.58 + 0.06) cooling processes compared to MGAT-
2K9/+ control (Fig. 27¢).

The previous report suggested the cross-inhibition of DOCCs and DOWCs during the
cooling or warming process (Hernandez-Nunez et al., 2021). Therefore, I further investigated
the warm responsiveness of DOWCs in MGAT-2%°. [r68a > GCaMP8m was used to monitor
DOWCs responses. DOWCs exhibited reduced responses to warming in MGAT-2%° compared
to MGAT-2X0/+ (Fig. 28a-c). Average ratio of Fumax/Fmmv from 18°C to 24°C was
approximately 40% reduced in MGAT-25° compared to MGAT-2X0/+ (MGAT-2KO/+: 1.09 +
0.22; MGAT-2%°: 0.62 + 0.12) (Fig. 28d). The area under curve during warming from 18°C to
24°C suggested the reduction of accumulated GCaMP8m fluorescent response in MGAT-2X9
during the 15t (MGAT-2%°/+: 1 + 0.09; MGAT-2%°: 0.62 + 0.15) warming process compared to
MGAT-2%°/+ control (Fig. 28e).

In summary, these results suggest that the loss of MGAT-2 caused the deterioration of

cooling and warming responses in DOCCs and DOWCs, respectively.

3.3.9 MGAT-2 maintained Ir25a and Ir21a mRNA levels.

Ir25a, Ir93a, and Ir21a played critical roles in cool responsiveness of DOCCs while
Ir25a, Ir93a, and Ir68a play critical roles in warm-responsiveness of DOWCs (Ni et al., 2016;
Hernandez-Nunez et al., 2021; Tyrrell et al., 2021). Therefore, loss of cool avoidance in MGAT-
2K0 and MGAT-3%° and deterioration showed in DOCCs and DOWCs in MGAT-2%° may be
caused by the defects in indicated /rs.

At the early 3™ instar stage, compared with the control, mRNA expression level of [r25a
and Ir21la in MGAT-2%X0 (Ir25a: 42.36% + 12.74%; Ir21a: 59.21% + 9.09%) and MGAT-3%0
(Ir25a: 0.39 + 0.07; Ir21a: 30.08% =+ 10.28%) displayed significant reduction (Fig. 29a, b),
while no significant difference was observed in the expression level of /r93a and Ir68a (Fig.
29c, d). In addition, no significant difference was observed in MGAT-1/-2/-3 knockouts in Ir2 1 a,
Ir93a, Ir25a and Ir68a at the late 3 instar stage compared with the control (Fig. 30).

These results suggested that MGAT-2 and MGAT-3 maintained the /r2/a and Ir25a

expression at the transcription level at the early 3™ instar stage.

3.3.10 mRNA level of broad was affected by MGAT-2.

Many transcription factors are involved in regulating transcription levels of target genes,
thereby influencing their mRNA expression. The effect of MGAT-2 and MGAT-3 mutation on
the mRNA levels of Ir25a and Ir2la may be attributed to their ability to modulate the
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transcription activities. A recent study presented that the expression level of /r2/a may rely on
the /r25a expression in the Drosophila adult antenna (Vulpe et al., 2021), this raised the
possibility that the reduction of Ir21a in MGAT-2%° and MGAT-3%° could be consequence of
Ir25a reduction.

Therefore, I sought for predicted /r25a transcriptional factors in just another s-axis
pipeline for annotation of regulatory motifs 2022 (JASPAR 2022) (Castro-Mondragon et al.,
2022) using University of California, Santa Cruz (UCSC) genome browser. Candidates of
transcription factor were selected utilizing transcription factor binding sites (TFBSs)
predictions in Drosophila melanogaster (genome: dmo6) for all profiles in the JASPAR CORE
insect’s collection. Predicted binding site of transcription factors was limited in the upstream
of Ir25a coding region, from the /r25a upstream gene tank to the start codon of /r25a, 653 bp
in total. 6 candidate transcription factors were selected (Fig. 31). Among these transcription
factors, a binding motif of GATA-d was predicted in upstream of MGAT-2, MGAT-3, Ir25a, and
Ir21a; the binding motif of broad was predicted in both MGAT-2 and Ir25a; the binding motif
of pan was estimated both /r25a and Ir2/a, and the binding motives of Abd-B, Dr and exd were
only observed in /r25a among Ir25a, Ir21a and MGAT-2 (Fig. 31a). Ubx and Vsx2 binding
motives were observed upstream of /r93a start codon but not in MGAT-s, Ir25a, or Ir21a (Fig.
31). Since no significant difference observed in the /r93a mRNA level among control, MGAT-
2K0 and MGAT-3%9 (Fig. 29¢), Ubx and Vsx2 were selected as negative controls. In addition, a
recent report suggested the MLX-family transcriptional factor could be modulated by the lipid
droplet (Mejhert et al., 2020). Considering the MGAT-2 involvement in lipid droplet formation
(Wilfling et al., 2013), I also selected Drosophila MLX transcriptional factor mondo (Mattila
et al., 2015) to confirm its possible regulation by the MGAT-2 or MGAT-3.

I tested the mRNA level of these predicted transcriptional factors (Fig, 31) in whole-
body and the anterior region at the early 3™ instar stage (72 hours AEL) in control, MGAT-25©
and MGAT-3%0 (Fig. 32 and 33). mRNA level in the whole body showed no significant changes
in all candidates (Fig. 32), however, broad showed a tendency (P=0.19) of reduction in MGAT-
2K0 (68.37 + 11.64%) (Fig. 32b). Indeed, reductions of broad mRNA level in anterior regions
were observed in MGAT-2X9 (59.86 + 9.27%) and MGAT-3%° (53.20 + 19.17%) (Fig. 33b),
while GATA-d (49.04 + 10.87%), Dr (63.62 £ 13.04%), Ubx (70.74 £ 11.40%), Vsx2 (54.26 +
24.65%), and mondo (62.93 + 8.15%) showed a tendency of reduction in MGAT-3%© (Fig. 33a,

c, g_l)
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These results suggested that MGAT-2 and MGAT-3 are important for maintaining the
expression level of broad, which regulates the expression level of Ir25a and Ir2la at a

transcriptional level.
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4 Discussion

Thermal sensation of Drosophila relies on thermo-receptors including TRP channels, a
GR, and IRs (Barbagallo and Garrity, 2015). Their expression level, activation properties and
distribution are regulated by various mechanisms. My study provided first evidence of the
involvement of fatty acid-related enzymes including FAAH, DAGL, and MGAT families in
sensory systems and thermotactic behaviors. MGATs, particularly MGAT-2, mediates cool
temperature sensing processes by maintaining the transcriptional level of Irs.

In the process of the behavioral screening of multiple fatty acid-related enzymes, when
testing the early 3™ instar larvae of the control, a different distribution was observed in two
temperature conditions. Control on a 16°C-26°C condition showed no clear peak on the
gradient, while on an 8°C-35°C condition showed a clear peak around 24°C. Currently, there
are no clear mechanisms for the different distribution, but there are several possibilities. First,
on a thermal gradient, larvae determine their movement direction by discerning small
temperature changes. 16°C-26°C condition was set up under a 1°C/cm temperature slope when
8°C-35°C condition was under a 1.5°C/cm slope. A lower slope, on the 16°C-26°C condition,
implied smaller temperature differences which could induce more challenge in decision-
making and ended up with less accumulation in a specific zone. Second, I observed a few larvae
distributed in the 11°C-17°C zones on an 8°C-35°C condition. This indicates that the
distribution in the 16°C zone on the 16°C-26°C condition displayed the accumulation of all
larvae staying at lower temperatures. As a result, 16°C-26°C condition cannot show the full
figure of larval thermal preference. And this is the reason I determined to observe temperature
preference on a wider gradient from 8°C to 35°C.

I observed warm accumulations on two thermotaxis conditions in FAAH mutants. This
suggested a potential involvement of FAAHs in warm avoidance (Fig. 10). One of the FAAH
coding genes I tested, CG8839, is involved in seizure recovery through activation of a TRPA
channel water witch (Jacobs and Sehgal, 2020). I found that water witch displayed a preference
to higher temperatures on an 8°C-35°C temperature gradient at the late 3™ instar stage
(unpublished), which is plausible to suggest that FAAH mediates the function of water witch
in warm avoidance behavior. The co-function of FAAHs and water witch require further
investigation.

DAGL (inaE) mutants displayed differential thermal preferences between two different
slopes of thermal gradients (Fig. 11). DAGL mutant exhibited an accumulation closer to the

release zone compared to the control group in a shallower temperature slope, this possibly
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indicated a loss of sensitivity in small temperature discrimination. TRPA1 was reported to
contribute to heat avoidance and a Rhodopsin/PLC signaling cascade activated TRPA1 to
regulate thermal preference in an optimal temperature range between 18°C and 24°C (Shen et
al., 2011; Sokabe et al., 2016). Previous reports also elucidated the role of DAGL (inaFE) in
phototransduction signaling pathway by releasing 2-LG to activate TRP channels (Sokabe et
al., 2022). Considered the analogous rhodopsin/PLC/TRP signaling cascade between
phototransduction and thermosensation (Montell, 2021), DAGL may also be involved in the
signaling pathway of TRPA I-medaited temperature sensation. Then, one possibility of the inaE
results is that the DAGL mutation suppresses the activation of TRPA1, leading to the inability
to discriminating small temperature changes. To prove this assumption, the functional
interaction of DAGL and TRPA1 under multiple temperature slopes should be tested. Another

possibility for the cool tendency of inaEN'?

mutant on an 8°C-35°C condition was technical
issue on rearing condition. I observed that the control on Fig. 11¢ showed accumulation in the
11°C -17°C zone compared with other controls under the same condition. This result was
obtained when I first set up the gradient assay and such a cold temperature accumulation is
rarely observed in control in previous reports and in current examines. It is possible that the
experimental setup contains unknown issue and the cool trend showed in the mutant requires
further confirmation.

MGAT-1/-2/-3 form a gene cluster (Fig. 12) and displayed high amino acid identity to
human MOGAT2. Human MOGAT2 presents as a single copy in the genome (Yang and
Nickels, 2015). On the other hand, limited Drosophila species within the Drosophila
melanogaster group display this triplication of MGATs, while other species such as D.
mojavensis contain a single copy (Stark et al., 2007). This possibly indicates that multiplication
events occurred specifically in the branch of Drosophila melanogaster group during the
evolution. Duplications may possess a “two-fold hypothesis”, which induces an enhanced
expression beyond the gene copy number (Loehlin et al., 2022; Loehlin and Carroll, 2016).
This property might explain the suppression of the transcriptional level of the neighboring
genes in single MGAT knockouts (Fig. 13).

The involvement of MGAT-2 and MGAT-3 in cool temperature avoidance was initially
demonstrated at the behavioral level in MGAT knockouts (Fig. 14-18). The cross-inhibition of
MGAT-2/-3 at a transcriptional level (Fig. 13b, ¢) in MGAT-2/-3 knockouts was partially
supported by the loss of cool avoidance observed in their trans-heterozygous mutants (Fig.
17d). However, this cross-inhibition alone does not fully explain the behavioral phenotype, as

MGAT-1%9 resulted in a transcriptional reduction of MGAT-2 without affecting cool avoidance
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behaviors (Fig. 13, 15a and 17a). MGAT-2 and MGAT-3 also mediate larval cool avoidance
independently. Investigations of the roles of MGAT-2 and MGAT-3 in sensory neurons revealed
partially overlapping yet distinct functional patterns of these genes (Fig. 22-24). MGAT-3 was
involved in cool avoidance in multiple sensory neurons (Fig. 22 and 24) but also contributed
to warm avoidance in trpAIl-AB-expressing neurons (Fig. 23), suggesting the wide and
complicated involvement of this gene in temperature preference. In contrast, MGAT-2 primary
functions in DOCCs (Fig. 24 and 25), suggesting more specific roles in this set of neurons.
These results imply the possible interaction of MGAT-2 and MGAT-3 in the neurons expressing
both of them.

Interestingly, reduced responses were observed in DOCCs during multiple cooling
events in MGAT-2X° (Fig. 27). This indicated the role of MGAT-2 in mediating neuronal
responses to cooling in DOCCs. One possibility is that the total number of temperature-
responsible molecules in DOCCs such as Irs, were reduced. This interpretation was supported
by a significant reduction of /r25a and Ir21a transcripts in DOCC-containing tissues in MGAT-
2K0 (Fig. 29a, b). The reduction of Ir25a and Ir21a in MGAT-3%X° may be caused by the
functional interaction between MGAT-2/-3 (Fig. 29a, b). Additionally, the inadequate rescue of
the cooling response was observed upon overexpression of MGAT-2 in DOCCs (Fig. 27c-e).
This suggested the function of MGAT-2 in additional sensory neurons interacted with DOCC
cooling responses, such as DOWCs. A previous report suggests cross-inhibition between
DOCCs and DOWCs in cooling/warming responses (Hernandez-Nunez et al., 2021). I first
expected that an enhanced DOWCs warming response affected by MGAT-2 suppressed cooling
responses of DOCCs in MGAT-2%°, However, the response of DOWCs to warming stimuli in
MGAT-2%° was reduced, meanwhile, overexpression of MGAT-2 in DOWCs failed to recover
the warming response (Fig. 28). This suggests that the cross-inhibition between DOCCs and
DOWCs may not be a dominant mechanism for the reduced responses in these two types of
neurons in the absence of MGAT-2. Ir25a is expressed in both DOCCs and DOWCs in DOG
(Ni et al., 2016; Sanchez-Alcaiiiz et al., 2018; Hernandez-Nunez et al., 2021), the reduction of
Ir25a in the anterior region should affect the functionality of all these neurons (Fig. 29a). This
suggests that the reduced [r25a expression in MGAT-2 mutant could be the cause of
deteriorated warming response in DOWCs. Furthermore, considering the potential co-
expression of MGAT-2 in multiple /r25a-expressing neurons, temperature responses of DOCCs
and DOWC:s could also be influenced by other /r25a-expressing neurons in the DOG. Findings
in this study suggest that MGAT-2 maintains the temperature responsiveness of DOCCs and
DOWCs by maintaining the transcriptional level of /r25a, thereby supporting cool avoidance
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at a behavioral level. However, the direct evidence of co-expression in MGAT-2 and Ir25a-
expressing neurons requires further confirmation.

At the behavioral level, specific knockdown of MGAT-2 in DOWCs resulted in
indiscrimination between 20°C and optimal temperature 24°C (Fig. 24f). Considering the
suppression of warming response in DOWCs due to the absence of MGAT-2 (Fig. 28), this loss
of optimal temperature selection from 24°C to 20°C may be attributed to the inability of warm
temperature differentiation from 24°C to other temperatures, in addition to the DOCC-
mediated loss of cool temperature avoidance. It is necessary to clarify the warm avoidance
phenotype of this specific knockdown in different thermal behavior assays.

Human MOGAT?2 is a possible ortholog of Drosophila MGAT-2, since the human
MOGAT?2, but not human DGAT2, was able to compensate the loss of the cool avoidance in
MGAT-2%° (Fig. 26). These results challenged the previous name “Dgat2” given to this gene
(Wilfling et al., 2013), and supported the new given name “MGAT-2” based on the predicted
molecular function in this study. In humans, MOGATs are primarily known as intermediate
proteins involved in TAG synthesis by producing DAG from MAG substrates, followed by
additional DGATs responsible for TAG synthesis by synthesizing TAG from DAG substrates
(Yang and Nickels, 2015). Both human MOGAT2 and MOGAT3 exhibit DGAT activity,
however, MOGAT3 exhibits significantly higher DGAT activity than MOGAT2 when MAGs
or DAGs are used as substrates (Cao et al., 2007). This evidence suggests that Drosophila
MGAT-2 could predominantly contribute to mediating cool avoidance behavior by its MOGAT
activity rather than both MOGAT and DGAT activities. Drosophila MGAT-2 displays
conflicting effects in TAG accumulation under in vitro conditions (Wilfling et al., 2013; Wang
et al., 2019), this is a possible clue that MGAT-2 relays on DGATs to synthesize TAG. Thus, if
this DAG-TAG axis plays a role in the regulation of /rs, additional DGATs are possibly required
in the DOCCs/DOWCs. Drosophila DGAT1 coding gene midway was reported in TAG
synthesis in oogenesis (Buszczak et al., 2002), however, there is currently no evidence
indicating its expression in sensory system. It requires further studies to identify possible
DGATs in Drosophila sensory neurons function with MGAT-2.

broad was preliminarily identified as a transcriptional factor (Fig. 31-33) for Ir25a
expression. It has been reported to be expressed in both CNS and PNS at multiple stages,
including the 3" instar stage (Scott et al., 2011; Zhou et al., 2009, 2019). This implies a possible
role of broad in maintaining the expression level of /r25a within sensory neurons including
DOCCs/DOWCs. Reduced broad expression level is observed in adults or larvae when they

are exposed to harmful stimuli such as low oxygen stress (Zhou et al., 2007) or a toxic drug
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treatment (Stern et al., 2012). This indicates a possible association between broad expression
level and cellular damage. Meanwhile, the accumulation of TAG in lipid droplets have been
shown to have protective role to oxidative stress (Circu and Aw, 2010) and prevent cellular
damage. MGAT-2 is known to be involved in lipid droplet formation through TAG synthesis
(Wilfling et al., 2013). Therefore, the decreased expression of broad in MGAT-2%° (Fig. 33b)
might be attributed to the oxidative stress resulting from the reduction of protective TAG and
lipid droplets.

broad is known as an early ecdysone response transcriptional factor and plays a key
role in ecdysone signaling pathway (Karim et al., 1993; Von Kalm et al., 1994). Although broad
and the ecdysone signaling pathway are widely reported in regulating larval development and
metamorphosis (Belles and Piulachs, 2015), the developmental time scale of MGAT-2 mutant
larvae was not changed (Fig. 21). This possibly indicates that MGAT-2 and broad does not co-
function in tissues determining developmental stage changes. In addition, ecdysone signaling
mediates TAG accumulation and the expression level of TAG-related enzymes in fat body at
the 3™ instar stage (Kamoshida et al., 2012; Wang et al., 2010). If this interaction exists in
sensory neurons, the reduction of broad expression level in MGAT-2X9 (Fig. 33b) could be
explained by defects of TAG synthesis in the negative feedback to ecdysone signaling.
Additionally, AMPK signaling pathway functions as the upstream of ecdysone in sensory
neurons and the upstream of MGAT-2 in skeletal muscle (Livelo et al., 2023; Marzano et al.,
2021). This indicates a possible involvement of AMPK in the interaction between MGAT-2 and
broad. These assumptions require further exploration of MGAT-2 and broad interactions at a
physiological level.

The main roles of board in the nervous system are development and pruning of neurons
(Marzano et al., 2021; Scott et al., 2011; Zhou et al., 2009). In addition to the potential effects
on Ir25a, board may also influence the neural response to temperature by affecting neural
maturation. Changes in fatty acid compositions also impact neural development (Ziegler et al.,
2017), thus, MGAT-2 may also influence on neural responsiveness independently of its effects
on Ir25a. Therefore, temperature sensation could be impaired by neurodevelopmental disorders
with the absent of MGAT-2. However, more evidence is required to support developmental
changes of DOCCs and DOWCs under MGAT-2 and broad mutation.

Taken together, findings in this study underscore the important role of fatty acid-related
enzymes in temperature perception and the underlying mechanism, particularly in the case of
MGAT-2. This provides a novel perspective on how fatty acid metabolism regulates sensory

receptors in the sensory system.
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Figure 1. A schematic of reported TRP channels and IRs in the thermosensation of Drosophila

larvae and adults.

In larvae (upper), TRPAL is reported as a heat sensor, and /r68a/Ir93a/Ir25a contribute to the

neuronal heat response. Inactive (Iav, TRPV), TRPL, and Ir25a/Ir93a/lr21a are required for

cool avoidance. Painless is identified for sensing noxious heat temperatures, whereas

Polycystic kidney disease 2 (Pkd2, TRPP), no mechanoreceptor potential C (NompC, TRPN)

and TRPM are suggested as noxious cold-associated receptors.

In adults (lower), TRPAL is reported as a heat sensor. Gr28b(D) is involved in warn avoidance,

while Brivido 1-3 (Brv1-3, TRPPs) and Ir25a/Ir93a/Ir21a are required for cool avoidance.

Painless and Pyrexia are reported for noxious heat sensation.
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Anterior of larva
Drosophila larva

Figure 2. Dissection of Drosophila larval anterior region for RNA extraction.

The anterior region of a larva (indicated by a red rectangle) was dissected to collect thermal
sensory neurons, including DOCCs/DOWCs. Microdissection scissors were used to incise
along a red dash line shown in the middle panel and processed ~70 anterior regions for each
genotype were collected for RNA extraction. The right panel represents a piece of dissected

anterior region of the larva.
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Figure 3. The experimental setup for 16°C -26°C temperature gradient assay.

(a) The top view of the apparatus for the temperature gradient assay. Two aluminum plates
were coated with agarose and placed on top of two aluminum blocks, each of which was set at
a distinct temperature using circulating water from a water bath.

(b) Schematic diagram of a test plate divided into 2-cm wide zones. Larvae were released
between 22°C and 24°C zones and the number of larvae in each of the six zones was tabulated.
(c) Actual temperatures measured in the center of the zones. Data represent mean + SD, n = 3.
Surface T: surface temperature.

(d) Representative image of control (w///®) late 3™ instar larvae on the plate at 11 min on a 16
°C -26°C gradient. Dashed lines divided the test plate into six temperature zones and inner sizes

of the plate were indicated. Yellow spots mark the positions of larvae.
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Figure 4. The experimental setup for 8°C -35°C temperature gradient assay.

(a) Schematic three-view drawing of the testing plate. It was assembled with an aluminum sheet
(white) and a rectangular acrylic ring (black) on top. Two acrylic rods were attached to the
longer edges.

(b) The top view of the apparatus for the temperature gradient assay. Two testing plates were
coated with agarose and were placed on top of two aluminum blocks, each of which was set at
a distinct temperature using circulating water from a water bath. Two gaps between the gel and
the longer edge were generated. A rectangular acrylic ring structure and a square cover glass
were placed at the top of the plate during testing time, they were shown on the top plate.

(c) Schematic diagram of a test plate divided into 3-cm wide zones. 2" and early 3™ instar
larvae (48, 72 hours AEL) were released at 23°C (red arrow), while late 3™ instar (120 hours
AEL) was released at 29°C (blue arrow). The number of larvae in each of the nine zones was
tabulated.

(d) Actual temperatures measured on temperature zones. Data represent mean + SD, n = 3.
Surface T: surface temperature

(d) Representative image of control (w!//®) late 3™ instar larvae on the plate at 10 min on an 8
°C -35°C gradient. Dashed lines divided the test plate into nine temperature zones and inner

sizes of the plate were indicated. Yellow spots mark the positions of larvae.
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Figure 5. The experimental set-up for temperature two-way choice assay.

(a) Schematic diagram of a test plate divided into 2 sides. The aluminum plate was coated with
agarose and was placed on top of two adjacent aluminum blocks, each of which was set at a
distinct temperature using circulating water from a water bath. Larvae were released at the
center zone of the plate (red arrow), the number of larvae one each side was recorded to
calculate the PIL.

(b) Representative image of control (w///%) early 3™ instar larvae (72 hours AEL) on the plate
at 15 minutes of temperature two-way choice assay. Yellow spots marked the positions of larvae.

Inner sizes of the plate were indicated.
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(a) 2" instar stage (b) 3" instar stage

Figure 6. Morphology of anterior spiacles and mouth hooks in 2" and 3™ instar Drosophila
larvae.

(a, b) 2 and 3" instar displayed different body size (grey larvae cartoon) and distinctive
morphology of anterior spiracles. The club-like (a, red arrow) and branched-like (b, red arrow)
structures of anterior spiracles were observed in 2" and 3™ instar larvae, respectively. Both
stages exhibit one pair of mouth hooks (blue), a relatively larger size of the month hooks were

observed in 3" (a, blue arrow) instar larvae than 2"¢ instar larvae (b, blue arrow).
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Figure 7. The experimental set-up for locomotion assay.

(a) Schematic diagram of the test plate put on two aluminum blocks. The aluminum plate was
coated with agarose and placed on top of two adjacent aluminum blocks, both were set at 18°C
or 24°C using circulating water from water bathes.

(b) 10-12 early 3™ instar larvae were separately released on the test plate; red cycles indicate
the position of larval individuals at 0 minute.

(c) A representative image showing the movement trajectory of control (w///%) at the early 3™
instar stage, colored traces indicate the movement trajectory of individuals in 2 minutes. The
Purple trace cycled by a red rectangle was showed in (d).

(d) Quantification of “number of turning (# of turning)” based on the number of angels less
than 150° displayed manually counted in the movement trajectory. Purple trace indicated a

representative movement trajectory and blue arrows depict a 'turning' event.
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Figure 8. The experimental setup of in vivo GCaMP-imaging.

(a) Schematic diagram of larval DOCCs or DOWCs recording under the microscope. An early
3rd instar larva was fixed on a silicone gel (grey) by dissection pins (black sticks with round
ends) and put in the test chamber perfusing bath solution from a temperature controller. DOCCs
or DOWCs located in the anterior region were tracked by microscope from the lens (blue
trapezoid). The temperature during recording was measured and recorded from a temperature
probe (red stick with a bland end) close to the larval anterior region.

(b) Image of the fixed larva by dissection pins (upper). The amplified image of the anterior
region (lower) was cycled by a red rectangle in the upper image.

(c) Image of Ca?*-imaging setup under the microscopy. The yellow arrow indicates the inline
temperature controller connected to the bath solution perfusion tube, and the blue arrow
indicates the temperature probe. The red rectangular cycle indicates the position of the test
chamber and lens and was amplified in (d).

(d) Upper image shows the silicone gel placed in the test chamber with a larval sample. The
lower image shows the bath solution from the chamber with the sample attached to the lens.
This is required during recording. A temperature probe (blue arrow) was sunk into the solution

and located close to the larval anterior region during the recording.
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Figure 9. Mutation designs of CG8839 and CG5112.

(a) Mutation design of CG8839EF and CG8839K0. CG8839EF was generated by inserting an
EP element (~7.8 kb, indicated in yellow) approximately 1.3 kb upstream of the start codon,
while CG88395C was generated by inserting a DsRed marker (~1.8 kb, indicated in red) 120
bp downstream from the start codon.

(b) Relative expression level of CG8839 in CG8839EF. (N=4). The expression level was
normalized control (w//’%) into 100%. A statistical analysis was performed by Student’s t test:
*#%P<(0.001. The data are presented as mean = SEM.

(c) Mutation design of CG51125F, CG51125F was generated by inserting a PC element (~8.2

kb, showed in orange) 241 bp downstream from the start codon.
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Figure 10. FAAHs (CG8839 and CG5112) displayed potential involvements in warm
avoidance in 3™ instar stage.

(a, b) Distribution of early (a) and late (b) 3™ instar larvae (72 and 120 hours AEL) on a 16°C
-26°C thermal gradient. Control (w!!, black) and CG8839%F (blue) were examined, N=6.

(c, d) Distribution of early (c) and late (d) 3™ instar larvae (72 and 120 hours AEL) on an 8°C
-35°C thermal gradient. Control (w/’8, black) and CG8839X0 (green), CG88395F (blue) and
CG5112°€ (red) were examined, N=3-9.

The data are presented as mean + SEM.

62



(a) Early 3" instar stage (b) Late 3 instar stage

50 50+
45 -e- Control 45+ -e- Control
40 -~ jnaEN1?5 40 - jnaEN1?5
& 354 35+
c 30 30+
5 25- 25
2
3 20 20
0O 15+ 15+
10+ 10+
5+ 5+
0 T T T T T T 0 T T T T T I
16 18 20 22 24 26 16 18 20 22 24 26
Temperature (°C) Temperature (°C)
(c) Early 3" instar stage (d) Late 3 instar stage
45 454
407 o Control 407 o Control
~ 357 e jnaEN125 357 e jnapN12s
S 30
S 25
3 20
© 154
a
10
5_
0 I I I I I I I I 1 0 I I I I I I I
8 1 14 17 20 23 26 29 32 35 8 11 14 17 20 23 26 29 32 35
Temperature (°C) Temperature (°C)

Figure 11. DAGL (inaFE) played a potential role in temperature gradient discrimination.

(a, b) Distribution of early (a) and late (b) 3™ instar larvae (72 and 120 hours AEL) on a 16°C
-26°C thermal gradient. Control (w!/, black) and inaE'?’ (red) were examined, N=6-7.

(c, d) Distribution of early (c) and late (d) 3™ instar larvae (72 and 120 hours AEL) on an 8°C
-35°C thermal gradient. Control (w!/%, black) and inaE'?’ (red) were examined, N=4-7.

The data are presented as mean = SEM.
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Figure 12. Genes structures and knockout designs of MGAT5.

(a) Relative gene position of MGAT-1 (purple), MGAT-2 (blue) and MGAT-3 (green) on the
genome. Arrows indicate transcriptional direction.

(b-d) Gene structures and mutation designs of MGAT-1%9 (b), MGAT-2%X° (¢) and MGAT-3%°
(d). Broken lines indicate introns, black boxes indicate CDS and white boxes indicate UTRs.
“ATG” indicates the start codon and “TAG” and “TGA” indicate stop codons. Red arrow boxes
indicate DsRed elements (~1.8 kb) and arrow directions are transcriptional directions. MGAT-
1%9 (b) contains 5 bp deletion 55 bp downstream from the start codon, MGAT-2X9(c) and
MGAT-3%9 (d) were designed with the insertion of ~1.8 kb DsRed marker into 33 bp and 28 bp
downstream of the start codon, respectively. Red arrows in (b-d) indicated the position of

genotyping primers.
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Figure 13. MGAT knockouts affected the mRNA levels of both target and neighboring MGAT
genes.

(a-c) Relative mRNA levels in the whole body of early 3™ instar larvae (72 hours AEL) were
examined in control (w//’% black), MGAT-1%° (purple), MGAT-2X0 (blue) and MGAT-3%°
(purple). mRNA levels in mutants were normalized to control into 100%. Relative mRNA
levels of MGAT-1 (a), MGAT-2 (a) and MGAT-3 (a) were examined, N=5-7. Statistical analyzes
were performed by Kruskal-Wallis test with Steel multiple comparison: *P<0.05, **P<0.01,

no asterisk indicates no significant difference.
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Figure 14. Representative images of control (w8, a), MGAT-1%X° (b), MGAT-2%° (¢) and
MGAT-3%9 (d) early 3" instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient. White
spots represent individual larvae. Red arrows in each image indicated the 23°C releasing zone.

Images were captured 15 minutes after larvae from each genotype moved under dark lights.

69



®
N—"

—

Distribution (%

= =2 NN W
o o1 O O O
| | | | |

Distribution (%)

= =2 NN WWD
o 01 O 01O 01 O
L1 I L1

Distribution (%)

e
o O,
[

35

45~

T
8 1 14 1

T
8 1 14 1

Early 3" instar stage

Control

MGAT-1KO

MGAT-2KO

MGAT-2K0; {IMGAT-1/-2/-3}

X0 ¢4

- T T T
8 M 14 17 20 23 26 29 32 35

Temperature (°C)

Early 3 instar stage

Control
MGAT-3K0
MGAT-3KO: {MGAT-1/-2/-3}

k4d

I I I I I
7 20 23 26 29 32 35
Temperature (°C)
Late 3" instar stage

-o— Control

-~ MGAT-1KO
- MGAT-2KO
-~ MGAT-3KO

I I I I
7 20 23 26 29 32 35
Temperature (°C)

70



Figure 15. MGAT-2/MGAT-3 contributed to innocuous cold avoidance at early and late 3" instar
stages.

(a, b) Distribution of early 3™ instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient.
{MGAT-1/-2/-3} denoted wild type genomic transgenes including MGAT-1, MGAT-2 and
MGAT-3. The data are presented as mean + SEM.

(a) Distribution of control (w/’8, black, round marker), MGAT-1X° (purple, round marker),
MGAT-2%© (blue, round marker) and MGAT-25°; {MGAT-1/-2/-3} (red, “X” marker).

(b) Distribution of control (w!, black, round marker), MGAT-3X0 (green, round marker) and
MGAT-3%9; {MGAT-1/-2/-3} (red, “X” marker).

(d) Distribution of late 3™ instar larvae (120 hours AEL) on an 8°C -35°C thermal gradient.
Control (w!!8, black), MGAT-1%° (purple), MGAT-2X° (blue) and MGAT-3X° (green) were

examined. The data are presented as mean + SEM.
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Figure 16. MGAT-2/MGAT-3 contributed to cool avoidance at 2" instar stage.
Distribution of 2™ instar larvae (48 hours AEL) on an 8°C -35°C thermal gradient. Control
(w18 grey), MGAT-2%° (blue) and MGAT-3%° (green) were examined, N=3-5. The data are

presented as mean + SEM.
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Figure 17. MGAT-2/MGAT-3 supported discriminations between optimal temperature and
lower temperatures.

(a) PIs of two-way choice assays with control (w8, grey), MGAT-1%° (purple), MGAT-2%°
(blue) and MGAT-3%© (green) at the early 3™ instar larvae (72 hours AEL). Larvae of each
genotype was given a choice between 24°C and other temperatures (16°C, 18°C, 20°C, 22°C,
24°C, 26°C, 28°C) and the PI under each temperature condition was calculated and plotted.
Statistical tests were performed by Kruskal-Wallis test with Steel multiple comparison:
*P<0.05. The data are presented as mean + SEM.

(b-d) PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes using
early 3" instar larvae (72 hours AEL). The data are presented as mean = SEM.

(b) PIs were calculated using control (w///é, black dots, grey bars), MGAT-2X9 (blue dots, blue
bars) and MGAT-2X0; {MGAT-1/-2/-3} (blue dots, grey bars) lines, N=5-6. A statistical analysis
was performed by Kruskal-Wallis test with Steel-Dwass multiple comparison: *P<0.05,
**P<0.01.

(c) PIs were calculated using control (w///%, black dots, grey bars), MGAT-3%° (green dots,
green bars) and MGAT-3%0; {MGAT-1/-2/-3} (green dots, grey bars) lines, N=5. A statistical
analysis was performed by Kruskal-Wallis test with Steel-Dwass multiple comparison:
*P<0.05, **P<0.01.

(d) PIs were calculated using control (w///¢, black) and MGAT-2X°/MGAT-3%° (aquamarine). A
statistical analysis was performed by Mann-Whitney U test, *P<0.05.
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Figure 18. Representative images of control (w8, a), MGAT-1%X0 (b), MGAT-2%° (¢) and
MGAT-3%9 (d) early 3™ instar larvae (72 hours AEL) in 20°C versus 24°C two-way choice
assays. White spots represent individual larvae. The white dashed line in each image indicated
the release zone. Surface temperatures left side of the release zones were 20°C and the right
sides were 24°C. larvae were released at the release zone and the images were captured after

15 minutes each genotype moved under dark red lights (<600 nm).
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Figure 19. Developmental speed was not changed in MGAT-knockouts.

(a)The percentage of larvae entering the 3™ instar stage at 74 hours AEL based on the
morphology of mouth hooks and spiracles in control (w///%, black), MGAT-1%° (purple), MGAT-
2K9 (blue) and MGAT-3X0 (green), N=5-6.

(b, ¢) The time to pupation in control (w//’8, black), MGAT-1%X° (purple), MGAT-2%X° (blue) and
MGAT-3%9 (green). T50 (b) and T80 (c) denote the times required for 50% (b) and 80% (c) of
larvae to become pupae (N=5-8).

The data are presented as mean + SEM. No significant difference based on one-way ANOVA

with Dennett's multiple comparison.
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Figure 20. Role of MGAT-1/-2/-3 in temperature-dependent locomotion activates.
Experiments were conducted using control (w//é, black), MGAT-1%° (purple), MGAT-25© (blue)
and MGAT-3%0 (green) at the early 3™ instar stage (72 hours AEL). The data are presented as
mean + SEM.

(a) Moving distance (cm) of control, MGAT-1%X°, MGAT-2X° and MGAT-3%9 under 24°C for 2
minutes, N= 29-46. No significant difference based on one-way ANOVA with Dennett's
multiple comparison.

(b) The number of turning (# of turning) in control, MGAT-1X°, MGAT-2X° and MGAT-3%°
under 24°C for 2 minutes, N=27-66. No significant difference based on one-way ANOVA with
Dennett's multiple comparison.

(¢, d) Moving distance (cm) and the number of turning (# of turning) in control, MGAT-1%9,
MGAT-2%° and MGAT-3%° under 18°C for 2 minutes. Statistical analyzes were performed by
Kruskal-Wallis test with Steel multiple comparison: *P<0.05.
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Figure 21. MGAT-2 and MGAT-3 contributed to cool avoidance in nervous system.

(a) A schematic of MGAT-RNAi knockdown in pan-neurons using elav-GAL4 by GAL4/UAS
system. elav-promoter (pan-neuronal promoter) specifically expressed GAL4 proteins in elav-
expressing tissues, this protein combined with upstream activating sequence (UAS) to express
double-stranded RNAs and induce RNA interference (RNAI) to target transcripts.

(b) PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes using
early 3 instar larvae (72 hours AEL). PIs were calculated using UAS-dicer-2/+, elav-GAL4/+
(elav/+, black), UAS-dicer-2/UAS-MGAT-2-RNAi; elav-GAL4/+ (elav > MGAT-2-RNAi, blue)
and UAS-dicer-2/UAS-MGAT-3-RNAi; elav-GAL4/+ (elav > MGAT-3-RNAi, green) lines,
N=5-9. A statistical analysis was performed by Kruskal-Wallis test with Steel multiple
comparison: **P<0.01. The data are presented as mean + SEM.

(c) Distribution of early 3" instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient.
Lines carry UAS-dicer-2/+, elav-GAL4/+ (elav/+, black, triangle marker), UAS-MGAT-2-
RNAi/+ (MGAT-2-RNAi/+, grey, round marker), UAS-dicer-2/UAS-MGAT-2-RNAi,; elav-
GAL4/+ (elav > MGAT-2-RNAi, blue, round marker), UAS-MGAT-3-RNAi/+ (MGAT-3-
RNAi/+, grey, square marker) and UAS-dicer-2/UAS-MGAT-3-RNAi; elav-GAL4/+ (elav >
MGAT-b-RNAi, green, square marker) were examined, N=4-5. The data are presented as mean

+ SEM.
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Figure 22. MGAT-2 and MGAT-3 functioned in cool avoidance in iav-expressing neruons.
(a-b) PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes using
early 3" instar larvae (72 hours AEL). The data are presented as mean + SEM.

(a) PIs were calculated using UAS-dicer-2, iav-GAL4/+ (iav/+, black), UAS-dicer-2/UAS-
MGAT-2-RNAi; iav-GAL4/+ (iav > MGAT-2-RNAi, blue) and UAS-dicer-2/UAS-MGAT-3-
RNAi; iav-GAL4/+ (iav > MGAT-3-RNAi, green) lines, N=4-8. A statistical analysis was
performed by one-way ANOVA with Dennett's multiple comparison: *P<0.05, **P<0.01.

(b) PIs were calculated using UAS-dicer-2, TRPL-GAL4/+ (TRPL/+, black), UAS-dicer-
2/UAS-MGAT-2-RNAi; TRPL-GAL4/+ (TRPL > MGAT-2-RNAi, blue) and UAS-dicer-2/UAS-
MGAT-3-RNAi; TRPL-GAL4/+ (TRPL > MGAT-3-RNAi, green) lines, N=5-6. No significant

difference based on one-way ANOVA with Dennett's multiple comparison.
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Figure 23. MGAT-3 functioned in trpA1-AB-expressing neruons to mediate warm avoidance.
(a-c) PIs 0f 20°C (a, c¢) or 26°C (b) versus 24°C condition two-way choice assay with indicated
genotypes using early 3™ instar larvae (72 hours AEL). The data are presented as mean + SEM.
(a) PIs were calculated using UAS-dicer-2, trpA1-AB-GAL4/+ (trpA1-AB/+, black), UAS-
MGAT-2-RNAi/+ (MGAT-2-RNAi/+, grey), UAS-dicer-2/UAS-MGAT-2-RNAi; trpAI1-AB-
GAL4/+ (trpA1-AB > MGAT-2-RNAi, blue), UAS-MGAT-3-RNAi/+ (MGAT-3-RNAi/+, grey),
and UAS-dicer-2/UAS-MGAT-3-RNAi; trpA1-AB-GAL4/+ (trpA1-AB > MGAT-3-RNAi, green)
lines, N=4-7. A statistical analysis was performed by one-way ANOVA with Dennett's multiple
comparison: *P<0.05.

(b) PIs were calculated using UAS-dicer-2, trpA1-AB-GAL4/+ (trpA1-AB/+, black) and UAS-
dicer-2/UAS-MGAT-3-RNAi; trpA1-AB-GAL4/+ (trpA1-AB > MGAT-3-RNAi, green) lines,
N=4-5. A statistical analysis was performed by Student’s t-test: *P<0.05.

(c) PIs were calculated using UAS-dicer-2, trpA1-AB-GAL4/+ (trpA1-AB/+, black), UAS-
dicer-2/UAS-MGAT-2-RNAi, trpA1-AB-GAL4/+ (trpA1-AB > MGAT-2-RNAI, blue), and UAS-
dicer-2/UAS-MGAT-3-RNAi; trpA1-AB-GAL4/+ (trpA1-AB > MGAT-3-RNAi, green) lines,
N=3-6. No significant difference based on one-way ANOVA with Dennett's multiple
comparison.

(d) Distribution of early 3™ instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient.
Lines carry UAS-dicer-2, trpAI-AB-GAL4/+ (trpA1-AB/+, black, triangle marker), UAS-
MGAT-2-RNAi/+ (MGAT-2-RNAi/~+, grey, round marker), UAS-dicer-2/UAS-MGAT-2-RNAi;
trpA1-AB-GAL4/+ (trpA1-AB > MGAT-2-RNAi, blue, round marker), UAS-MGAT-3-RNAi/+
(MGAT-3-RNAi/+, grey, square marker) and UAS-dicer-2/UAS-MGAT-3-RNAi; trpAI1-AB-
GAL4/+ (trpA1-AB > MGAT-3-RNAi, green, square marker) were examined, N=4-6. The data

are presented as mean + SEM.
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Figure 24. MGAT-2 was required for cool avoidance in DOCCs.

(a, b, d-f) PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes
using early 3" instar larvae (72 hours AEL). The data are presented as mean + SEM.

(a) PIs were calculated using UAS-dicer-2, Ir25a-GAL4/+ (Ir25a/+, black), UAS-MGAT-2-
RNAi/+ (MGAT-2-RNAi/~+, grey) and UAS-dicer-2, Ir25a-GAL4/ UAS-MGAT-2-RNAi (Ir25a >
MGAT-2-RNAi, blue) lines, N=5-8. A statistical analysis was performed by Kruskal-Wallis test
with Steel multiple comparison: *P<0.05.

(b) PIs were calculated using UAS-dicer-2, Ir25a-GAL4/+ (Ir25a/+, black), UAS-MGAT-3-
RNAi/+ (MGAT-3/+, grey) and UAS-dicer-2, Ir25a-GAL4/UAS-MGAT-3-RNAi (Ir25a >
MGAT-3-RNAi, green) lines, N=4-9. A statistical analysis was performed by Kruskal-Wallis
test with Steel multiple comparison: *P<0.05, **P<0.01.

(d) PIs were calculated using UAS-dicer-2/+; R11F02-GAL4/+ (R11F02/+, black), UAS-dicer-
2/UAS-MGAT-2-RNAi; RIIF02-GAL4/+ (R11F02 > MGAT-2-RNAi, blue) and UAS-dicer-
2/UAS-MGAT-3-RNAi; RI1IF02-GAL4/+ (R11F02 > MGAT-3-RNAi, green) lines. A statistical
analysis was performed by Kruskal-Wallis test with Steel multiple comparison: *P<0.05.

(e) PIs were calculated using Ir21a-GAL4/+ (Ir21a/+, black), Ir2la-GAL4/UAS-MGAT-2-
RNAi (Ir21a > MGAT-2-RNAi, blue) and Ir21a-GAL4/UAS-MGAT-3-RNAi (Ir21a > MGAT-3-
RNAi, green) lines. A statistical analysis was performed by Kruskal-Wallis test with Steel
multiple comparison: *P<0.05.

(f) PIs were calculated using UAS-dicer-2/+; Ir68a-GAL4/+ (Ir68a/+, black), UAS-dicer-
2/UAS-MGAT-2-RNAi; Ir68a-GAL4/+ (Ir68a > MGAT-2-RNAi, blue) lines, N=5-6. A
statistical analysis was performed by Mann-Whitney U test, **P<0.01.

(c) Distribution of early 3" instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient.
Lines carry UAS-dicer-2, Ir25a-GAL4/+ (Ir25a/+, black, triangle marker), UAS-MGAT-2-
RNAi/+ (MGAT-2-RNAi/+, grey, round marker), UAS-dicer-2, Ir25a-GAL4/UAS-MGAT-2-
RNAi (Ir25a > MGAT-2-RNAi, blue, round marker), UAS-MGAT-3-RNAi/+ (MGAT-3-RNAi/+,
grey, square marker) and UAS-dicer-2, Ir25a-GAL4/UAS-MGAT-3-RNAi (Ir25a > MGAT-3-

RNAi, green, square marker) were examined, N=4-6. The data are presented as mean + SEM.
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Figure 25. MGAT-2 primary functioned in DOCCs for cool avoidance.

(a, b) PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes using
early 3" instar larvae (72 hours AEL). The data are presented as mean + SEM.

(a) All testing lines carry MGAT-2%0. PIs were tested with UAS-MGAT-2/+ (MGAT-2/+, black),
Ir25a-GAL4/+ (Ir25a/+, grey), Ir25a-GAL4/+; UAS-MGAT-2/+ (Ir25a > MGAT-2, drak blue),
RIIF02-GAL4/+ (R11F02/+, grey) and R11F02-GAL4/+; UAS-MGAT-2/+ (R11F02 > MGAT-
2, light blue) lines, N=5-7. A statistical analysis was performed by Kruskal-Wallis test with
Steel-Dwass multiple comparison: *p<0.05.

(b) All testing lines carry MGAT-3X0. PIs were tested with UAS-MGAT-3/+ (MGAT-3/+, black),
Ir25a-GAL4/+ (Ir25a/+, grey), Ir25a-GAL4/+; UAS-MGAT-3/+ (Ir25a > MGAT-3, green)
lines, N=4-5. No asterisk indicates no significant difference based on one-way ANOVA with
Tukey's multiple comparison.

(c) Distribution of early 3™ instar larvae (72 hours AEL) on an 8°C -35°C thermal gradient. All
testing lines carry MGAT-2%0. UAS-MGAT-2/+ (MGAT-2/+, black, triangle marker) R11F02-
GAL4/+ (R11F02/+, black, round marker) and R11F02-GAL4/+; UAS-MGAT-2/+ (R11F02 >
MGAT-2, blue, round marker) larvae were tested in this assay, N=3-6. The data are presented

as mean = SEM.
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Figure 26. Function of MGAT-2 in cool avoidance was compensated by human MOGAT?2.

PIs of 20°C versus 24°C condition two-way choice assay with indicated genotypes using early
3" instar larvae (72 hours AEL). hMOGAT2: human MOGAT2; hAMOGAT3: human MOGAT3;
hDGAT2: human DGAT?2. All testing lines carry MGAT-25°. PIs were tested with RI11F(2-
GAL4/+ (R11F02/+, black), UAS-hMOGAT2/+ (hMOGAT2/+, grey), R11F02-GAL4/+; UAS-
hMOGAT3/+ (Ir25a > hMOGAT-2, orange), UAS-hMOGAT3/+ (hMOGAT3, grey), R11F02-
GAL4/+; UAS-hMOGAT3/+ (Ir25a > hMOGAT-3, magenta), UAS-hDGAT2/+ (hDGAT2/+,
grey), and RI1F02-GAL4/+; UAS-hDGAT2/+ (Ir25a > hMGAT-2, dark red) larvae, N-5-7. A
statistical analysis was performed by Kruskal-Wallis test with Steel-Dwass multiple

comparison: *P<0.05. The data are presented as mean + SEM.
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Figure 27. Loss of MGAT-2 caused the deterioration of cooling responses in DOCCs.
Experiments were conducted with early 3™ instar larvae (72 hours AEL), using GCaMP8m as
a calcium indicator.

(a, b) Representative GCaMP-fluorescence images of UAS-GCaMP8m, MGAT-2X0/+; R11F02-
GAL4/+ (MGAT-2X0/+, a) and UAS-GCaMP8m, MGAT-2X0/MGAT-2X9; RI11F02-GAL4/+
(MGAT-2%9, b) under 24°C and 18°C.

(¢) GCaMP-fluorescence changes in with MGAT-2%°/+ (black), MGAT-2X° (red) and UAS-
GCaMP8m, MGAT-2X0/MGAT-2X0; RI11F02-GAL4/UAS-MGAT-2 (MGAT-2X°; RIIF02 >
MGAT-2, blue) exposed to sinusoidal-like waves range from 18°C and 24°C. T (°C):
Temperature (°C).

(d) Average ratio of maximum/minimum GCaMP-fluorescence (Fmax/Fmmn) between 60-162
seconds and 168-270 seconds in MGAT-2X9/+ (black), MGAT-2X0 (red) and MGAT-2%©;
RIIF02 > MGAT-2 (blue). A statistical analysis was performed by Kruskal-Wallis test with
Steel-Dwass multiple comparison: **p<0.01, no asterisk indicates no significant difference.
(e) Relative area curves during 1t (96-162 seconds) and 2" (204-270 seconds) warming in
MGAT-2%0/+ (black), MGAT-2X0 (red) and MGAT-2X0; RIIF02 > MGAT-2 (blue) was
normalized to the 1% cooling into 1. 1% cooling: a statistical analysis was performed by Kruskal-
Wallis test with Steel-Dwass multiple comparison: *p<0.05, no asterisk indicates no significant
difference. 2™ cooling: A statistical analysis was performed by one-way ANOVA with Tukey's
multiple comparison: **P<(.01, no asterisk indicates no significant difference.

MGAT-2%0/+: n=29 cells (from 12 animals); MGAT-250: n=28 (11); MGAT-2X9; Ir68a >
MGAT-2: n=30 (13). The data are presented as mean + SEM.
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Figure 28. Loss of MGAT-2 caused the deterioration of warming responses in DOWC:s.
Experiments were conducted with early 3™ instar larvae (72 hours AEL), using GCaMP8m as
a calcium indicator.

(a, b) Representative GCaMP-fluorescence images of UAS-GCaMP8m, MGAT-2X°/+; Ir68a-
GAL4/+ (MGAT-2%9/+, a) and UAS-GCaMP8m, MGAT-2X°/MGAT-2X9; [r68a-GAL4/+
(MGAT-2%9, b) under 18°C and 24°C.

(¢) GCaMP-fluorescence changes in with MGAT-2%°/+ (black), MGAT-2X° (red) and UAS-
GCaMP8m, MGAT-2X0/MGAT-2X9; Ir68a-GAL4/UAS-MGAT-2 (MGAT-2%X9; Ir68a > MGAT-
2, blue) exposed to sinusoidal-like waves range from 18°C and 24°C. T (°C): Temperature (°C).
(d) Average ratio of maximum/minimum GCaMP-fluorescence (Fmax/Fmmn) between 60-150
seconds and 174-264 seconds in MGAT-2%9/+ (black), MGAT-2%© (red) and MGAT-2%9; Ir68a >
MGAT-2 (blue). No significant difference based on Kruskal-Wallis test with Steel-Dwass
multiple comparison.

(e) Relative area curves during 1% (114-150 seconds) and 2" (219-264 seconds) warming in
MGAT-259/+ (black), MGAT-2X0 (red) and MGAT-2%; Ir68a > MGAT-2 (blue) was normalized
to the 1 warming into 1. 1% warming: a statistical analysis was performed by Kruskal-Wallis
test with Steel-Dwass multiple comparison: *P<0.05, no asterisk indicates no significant
difference. 2™ warming: No significant difference based on one-way ANOVA with Tukey's
multiple comparison.

MGAT-2%9/+: n=14 cells (from 9 animals); MGAT-25°: n=13 (8); MGAT-2X9; Ir68a > MGAT-
2:n=13 (9). The data are presented as mean = SEM.
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Figure 29. MGAT-2 and MGAT-3 supported transcriptional level of /r25a and Ir21a at the
early 3™ instar stage.

(a-d) Relative mRNA levels in the anterior region of early 3™ instar larvae (72 hours AEL)
were examined in control (w!*8, grey), MGAT-1X° (purple), MGAT-2%° (blue) and MGAT-3%°
(green). mRNA level in mutants were normalized to control into 100%. The data are presented
as mean + SEM.

(a-c) Ir25a (a, N=5-7), Ir21a (b, N=4-7) and Ir93a (c, N=4-7) (d, N=6) relative mRNA levels.
Statistical analyses were performed by Kruskal-Wallis test with Steel multiple comparison:
**P<0.01, no asterisk indicates no significant difference.

(d) Relative mRNA level of /r68a. No significant difference based on one-way ANOVA with

Dennett's multiple comparison.
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Figure 30. MGAT-2 and MGAT-3 did not affect Irs transcriptional level at the late 3™ instar
stage.

(a-d) Relative mRNA levels in the anterior region of late 3™ instar larvae (120 hours AEL) were
examined in control (w8, grey), MGAT-2%° (blue) and MGAT-3X0 (green). mRNA level in
mutants were normalized to control into 1. Data represent mean + SEM.

Relative mRNA levels of Ir25a (a, N=6), Ir21a (b, N=6), Ir93a (c, N=5-6) and Ir68a (d, N=6)
were examined. No significant difference based on one-way ANOVA with Dennett's multiple

comparison. The data are presented as mean + SEM.
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Figure 31. Predicted transcriptional factors at the upstream of /r25a CDS.

(a) Transcriptional factor binding motifs of GATA-d, broad, pan, Abd-B, Dr, exd, Ubx and Vsx2
(listed in the first column) were observed in MGAT-2, Ir25a, Ir21a or Ir93a (listed in the first
row). “+” indicates the existence of binding motif in transcriptional factors in MGAT-2, Ir25a,
Ir2la or Ir93a. This result in predicted by TFBS predictions in Drosophila melanogaster
(genome: dm6) genome for all profiles in the JASPAR CORE insect’s collection, with a
minimum score of 425.

(b) Gene structure of Ir25a (upper) and positions of predicted transcriptional factor binding
motifs upstream of /725 start codon (lower). Broken lines indicate introns, black boxes indicate
the CDS and white boxes indicate UTRs. “ATG” indicated the start codon and “TAG” indicated
stop codon. The red rectangle highlighted 5° UTR and 1% exon which were shown in an
amplified scale in the lower panel. Lower panel showed positions of predicted transcriptional
factor binding domains of GATA-d, broad, pan, Abd-B, exd and Dr. Arrows indicate that

predicted transcriptional factors’ binding motif showed consistent direction to /r25a.
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Figure 32. MGATs affected the expression of broad at a transcriptional level in whole body.

(a-i) Relative mRNA levels in the whole body of early 3™ instar larvae (72 hours AEL) were
examined in control (w8, grey), MGAT-2%° (blue) and MGAT-3X0 (green). mRNA level in
mutants were normalized to control into 100%. Relative mRNA level of GATA-d (a, N=5),
broad (b, N=5-6), pan (c, N=4-5). Abd-B (d, N=3-5), Dr (e, N=5), exd (f, N=5), Ubx (g, N=4-
6), Vsx2 (h, N=4-5) and mondo (i, N=4-5) were examined. No asterisk indicates no significant
difference based on one-way ANOVA with Dennett's multiple comparison, P=0.19 in (b)
indicates the statistical result of relative broad mRNA level in MGAT-2X0. The data are

presented as mean + SEM.
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Figure 33. MGATs affected the expression of broad at a transcriptional level in DOCCs and
DOWGCs.

(a-i) Relative mRNA levels in the anterior region of early 3 instar larvae (72 hours AEL) were
examined in control (w8, grey), MGAT-2%° (blue) and MGAT-3X0 (green). mRNA level in
mutants were normalized to control into 100%. The data are presented as mean = SEM.

(a, b) Relative mRNA level of GATA-d (a, N=3) and broad (b, N=5). Statistical analyses were
performed by Kruskal-Wallis test with Steel multiple comparison: *P<0.05, no asterisk
indicates no significant difference.

(c-1) Relative mRNA level of pan (c, N=3-4). Abd-B (d, N=3-5), Dr (e, N=4-5), exd (f, N=5),
Ubx (g, N=5), Vsx2 (h, N=4-5) and mondo (i, N=4-5). No significant difference based on one-
way ANOVA with Dennett's multiple comparison.
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7 Tables

Table 1. Primer list for vector construction (#1-12, #25-32) and genotyping (#25-32, #37-39).

Primer primer name Sequence (5'-3")

order (#)

CG8839 gRNA S CTGTGATCGGGTTTTAGAGCTAGAAATAGC

CG8839 gRNA AS  ATGCCATTCTCGACGTTAAATTGAAAATAGG

MGAT-1 gRNA S ACGTTTGCCAGTTTTAGAGCTAGAAATAGC

MGAT-2 gRNA S GGCGTTCCAGGTTTTAGAGCTAGAAATAGC

1
2
3
4 MGAT-1 gRNA AS CTGGCGACGCCGACGTTAAATTGAAAATAGG
5
6

MGAT-2 gRNA AS  GACTGCAGATCCGACGTTAAATTGAAAATAG

G

7 MGAT-3 gRNA S CGGGTTCCGCGTTTTAGAGCTAGAAATAGC

8 MGAT-3 gRNA AS GAGAGGAGCCCGACGTTAAATTGAAAATAGG

9 HDR_Arml-F CGTTTCACTTCTGAGTTCGG

10 HDR_ Arml-R CTCTTATACGACATCACCGATG

11 HDR_Arm2-F GCAGTATACGAGACCTATAGG

12 HDR_ Arm2-R GTATAGGAGACCTATAGTGTCTTC

13 CG8839 _Arml _F CCATCGGTGATGTCGTATAGGAATAGCTGTCT
GATGCGCACTC

14 CG8839_Arml R CCTATAGGTCTCGTATACTGCCGGTGGAACAC
TCTCACCC

15 CG8839 Arm2 F GAAGACACTATAGGTCTCCTATACATCACAGA
TGCCATTCTCTTGG

16 CG8839_Arm2 R CATCGGTGATGTCGTATAAGAGACCTCTCTCA
AGTGCTGTGCCAC

17 MGAT2 Arml F CCATCGGTGATGTCGTATAGGAATTGGCGCTC
CCATCGACGTG

18 MGAT2 Arml R CCTATAGGTCTCGTATACTGCCAGAGGAACCC
GCAGTGGTGC

19 MGAT2 Arm2 F GAAGACACTATAGGTCTCCTATACGAACGCC

GACTGCAGATACTGG
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20

MGAT2 Arm2 R

CATCGGTGATGTCGTATAAGAGACAGTCCTG
AAACCGTCGGAGC

21

MGAT3 Arml F

CCATCGGTGATGTCGTATAGGAAGCTTCCTCC
CATTCCGACGACG

22

MGAT3 Arml R

CCTATAGGTCTCGTATACTGCGAACCCGGAGA
GGAGCCCATTC

23

MGAT3 Arm2 F

GAAGACACTATAGGTCTCCTATACCGCTGGA
ACGGCGGCTTC

24

MGAT3 Arm2 R

CATCGGTGATGTCGTATAAGAGACCATGGCTT
CCTTGGCGCCAC

25

CG8839 genotype F

AATTCTGAGTCCTAGTAGCTG

26

CG8839 genotype R

CTCTTAAGTCTGGATCAACG

27

MGAT]1 genotype F

GAGGACCGTGCTACCAAGTAG

28

MGAT]1 genotype R

TGCGGTCTTGACCAGCTGTAC

29

MGAT2 genotype F

ATCGCTGGCTTCCATATCATTC

30

MGAT2 genotype R

CCAGCGACTCAATGACCTGT

31

MGAT3 genotype F

ATAAGTACTCCACGTTACACCCTGG

32

MGAT3 genotype R

TCTCCAATTGCTGCGGTAGAA

33

MGAT-2 UAS_F

AAAACTCGAGATGAAAATCGAGTGGGCACC
AC

34

MGAT-2 UAS R

TTCTAGACTAGTGTACAACTAGAGTGGCAC

35

MGAT-3 UAS _F

AAAACTCGAGATGACAATCGAATGGGCTC

36

MGAT-3 UAS R

TTCTAGATCACTGTATTATAAGTTTGATATGC

37

vector UAS g F

GCAGCTGAACAAGCTAAACAATC

38

MGAT-2 UAS g R

TGCCATCCACAACGGATTG

39

MGAT-3 UAS g R

CTCCGATTGCTGCGGTAGAAT
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Table 2. Primer list for qPCR.

Primer order (#) Primer name Sequence (5'-3")

1 m49 F GACGCTTCAAGGGACAGTATCTG

2 mp49 R AAACGCGGTTCTGCATGAG

3 CG8839 F TGGACAATACAGCACGGAGG

4 CG8839 R AAGAGTCCAGCTGTGTGCAG

5 MGAT-1_F TGCGGTCTTGACCAGCTGTAC

6 MGAT-1_R CTATTTCTTCGTTGCTGCCGTG

7 MGAT-2 F , CACCTTTGGCTTCCTCCCAT

8 MGAT-2 R AGTGGCACTCTTCGAATTCTCC

9 MGAT-3_F TGCCTCGCAGTAGCTATCCT
10 MGAT-3 R CTCCGATTGCTGCGGTAGAAT
11 Ir25a F AGTCAGCGGGACAATGCGAC
12 Ir25a R CGTGACGAGATCAAAGGTTCCATAC
13 Ir93a_F TCTAAATTGGAAGACCGCCGTTG
14 Ir93a_ R GTTCAGGGTCTCGGCTATTTCGATG
15 Ir68a F ATTGCCATCAGTCGGTATCGTTC
16 Ir68a R ATCATCGCTGTAGCCGAACAC
17 Ir2la_F CTCAATAAATGCCCACCGGTC
18 Ir2la_ R TGCAATTGCAATCTATATGGCTCG
19 GATAd F AACTACGGCAAAGAGCACGGTC
20 GATAd R CCACAAACCACGTTGGGTAATC
21 br_ F CTACTTCCGCGAGCTGCTCAAG
22 br_ R AAGGACTGCAGGGACTTCTGGTG
23 pan_F ATGAGCACGGAAGTCAGCTAAG
24 pan_ R CAATGTGGGTCGTTGCTGTG
25 Abd-B_F CCACTGCATATACCCGCCAT
26 Abd-B_ R TCCGCTTCGTTCATGTAGGC
27 Dr_F ATGTTTCCGGGAGCAGGATTC
28 Dr R AGCAGCTGCTGTGTTGTGAAG
29 exd F GCAACCCATATCCATCCGAAGAG

w
<

exd R TGGATAGCCCATGGAATCCTG
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31 Ubx F GAGTCCCTATGCCAACCACC

32 Ubx R AGGCAGTCCTGTTTGTAGGC

33 Vsx2 F CGAAATGCTCTCGCTGAAGAC
34 Vsx2 R CCTTGGCCGACTTAAGGATCGTG
35 mondo F GCGATCCCATGCTAAACAGCAC
36 mondo R GTGGCTATGGCACTGACGGAAG
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