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ARTICLE INFO ABSTRACT

Keywords: In insect antenna, following the activation of olfactory sensory neurons, odorant molecules are inactivated by
Olfaction enzymes in the sensillum lymph. How the inactivation products are cleared from the sensillum lymph is presently
Moth

unknown. Here we studied the role of support cells (SCs) and the so-called sensory neuron membrane protein 2
(SNMP2), a member of the CD36 family of lipid transporters abundantly expressed in SCs, in sensillum lymph
clearance processes in the moths Heliothis virescens and Bombyx mori. In these species, the sex pheromone
components are inactivated to long-chain fatty acids. To approach a role of SNMP2 in the removal of such
inactivation products, we analyzed the uptake of a fluorescent long-chain fatty acid analog into a newly
generated HvirSNMP2-expressing cell line. We found an increased uptake of the analog into SNMP2-cells
compared to control cells, which could be blocked by the CD36 protein inhibitor, SSO. Furthermore, analyses
of sensilla from antenna treated with the fatty acid analog indicated that SNMP2-expressing SCs are able to take
up fatty acids from the sensillum lymph. In addition, sensilla from SSO-pretreated antenna of B. mori showed
reduced removal of the fluorescent analog from the sensillum lymph. Finally, we revealed that SSO pretreatment
of male silkmoth antenna significantly prolonged the duration of the female pheromone-induced wing-fluttering
behavior, possibly as a result of impaired lymph clearance processes. Together our findings in H. virescens and
B. mori support a pivotal role of olfactory SCs in sensillum lymph maintenance processes and suggest an integral
role of SNMP2 in the removal of lipophilic “waste products” such as fatty acids resulting from sex pheromone
inactivation.
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1. Introduction maintained and regulated by so-called support cells (Leal, 2013; Thurm

and Kiippers, 1980; Schmidt and Benton, 2020), which border the

The precise and sensitive detection of female-released sex phero-
mones by conspecific males is critical for the initiation of reproductive
behaviors and mate finding in moths (Zhang et al., 2015; Stengl, 2010;
Carde and Willis, 2008). Sex pheromones, like other volatile odorants,
are detected by specialized olfactory sensory neurons (OSNs) on the
antenna that extend their dendrites into hair-like cuticular protrusions,
named sensilla (Zacharuk, 1985). The dendritic membranes of
pheromone-sensitive OSNs contain narrowly tuned pheromone re-
ceptors (PRs) that transduce the chemical signal into an electrical
response (Fleischer and Krieger, 2018; Stengl, 2010). Pheromone mol-
ecules enter the sensillum lumen through multiple cuticle pores (Keil,
1982, 1989; Steinbrecht, 1997). The lumen is filled with aqueous
sensillum lymph that contains pheromone binding proteins supposed to
transfer pheromone molecules through the lymph to their respective
PRs. The protein and ionic composition of the sensillum lymph is
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sensillum lymph and moreover surround the OSNs at the bases of a
sensillum, thus completing the olfactory unit (Sanes and Hildebrand,
1976; Steinbrecht and Gnatzy, 1984; Keil, 1989).

While the function of OSNs in the reception and discrimination of
pheromones has thoroughly been investigated (Fleischer and Krieger,
2018; Zhang et al., 2015; Yew and Chung, 2017; Benton, 2022; Renou,
2014; Van der Goes van Naters, 2014), the specific role of the support
cells in peripheral olfactory processes is largely unclear. A possible
function of support cells has been suggested in governing sensillum
lymph clearance processes by expressing proteins necessary for the
elimination of “waste products” e. g. inactivated pheromone and
odorant molecules (Vogt and Riddiford, 1981; Pelletier et al., 2023). In
moths, such “waste products” are produced by different kinds of odorant
degrading enzymes (ODEs) expressed in the antenna (Leal, 2013; Vogt
et al., 2020), including aldehyde oxidases and dehydrogenases, which
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rapidly inactivate pheromones and thus prevent repeated stimulation of
OSNs by the same molecule (Ishida and Leal, 2005; Vogt and Riddiford,
1981). For instance, in the major and minor sex pheromone components
of the noctuid moth Heliothis virescens, Z11-Hexadecenal and
79-Tetradecenal, the aldehyde moieties are transformed by ODEs into a
carboxyl group resulting in the respective long-chain fatty acids of the
same chain lengths (Tasayco and Prestwich, 1990). Similarly, in the
silkmoth Bombyx mori ODEs transform the sex pheromone components,
bombykol and bombykal in the sensillum lymph, to the long-chain fatty
acid, E10, Z12-Hexadecadienoic acid (Fig. S1) (Pelletier et al., 2007;
Rybezynski et al., 1990; Kasang and Weiss, 1974).

We previously identified a protein expressed in support cells poten-
tially being involved in sensillum lymph clearance processes in moths,
the so-called sensory neuron membrane protein type 2 (SNMP2) (For-
stner et al., 2008; Cassau and Krieger, 2021; Blankenburg et al., 2019).
SNMPs form an insect-specific clade of the large CD36 family of proteins
(Robertson et al., 1999; Vogt et al., 2009; Nichols and Vogt, 2008)
characterized by two transmembrane domains and a large extracellular
region. Members of the CD36 family are described to act as lip-
id/lipoprotein receptors and transporters with CD36 itself facilitating
the uptake of extracellular long-chain fatty acids (Pepino et al., 2014;
Chen et al., 2022). While in moths as well as in flies the SNMP1 type is
expressed in OSNs and implicated as a co-receptor for the sensitive and
rapid detection of sex pheromones by PRs (Pregitzer et al., 2014; Benton
et al., 2007; Jin et al., 2008), the SNMP2 type in moths is selectively
expressed in support cells and its function is unexplored (Forstner et al.,
2008; Blankenburg et al., 2019; Cassau and Krieger, 2021). By means of
immunohistochemistry on antennal sections of H. virescens, we have
localized HvirSNMP2 to the apical side of the support cells in olfactory
sensilla adjacent to the sensillum lymph (Blankenburg et al., 2019). Due
to its localization at the support cell/sensillum lymph interface and its
membership to the CD36 protein receptor/transporter family, we hy-
pothesize that SNMP2 in moths could potentially be involved in the
removal of the lipophilic fatty acid pheromone inactivation products
from the sensillum lymph. Therefore, in this study we aimed to assess
the ability of the H. virescens SNMP2 protein to mediate the cellular
uptake of long-chain fatty acids. Towards this goal, we generated a
stable modified HEK293 cell line expressing HvirSNMP2 and tested
SNMP2’s ability to facilitate the uptake of a fluorescent long-chain fatty
acid analog. Moreover, we analyzed if support cells in the antenna of
H. virescens and another moth species, B. mori, are able to take up the
fluorescent fatty acid analog from the sensillum lymph. Finally, we
examined the consequences of an SNMP2-inhibitor on the cellular up-
take of fatty acids into supports cells as well as the impact on the
behavioral responses of male B. mori to female released sex pheromones.
Overall, our data suggest a role of support cells and SNMP2 in sensillum
lymph clearance processes that are of crucial importance for maintain-
ing the functionality of pheromone-responsive sensilla in moths.

2. Materials and methods
2.1. Animals

Pupae of the tobacco budworm Heliothis virescens were kindly pro-
vided by Bayer CropScience AG, Monheim, Germany. Pupae of the
silkmoth Bombyx mori were purchased from Laboratorio die Sericoltura,
Centro die Ricerca Agricolutra e Ambiente (Padova, Italy). All animals
were allowed to develop into adults and were used in experiments 0- to
4-days after eclosion.

2.2. Expression of HvirSNMP2 in Flp-In T-Rex293 cells

For the generation of a stable cell line allowing tetracycline-induced
expression of HvirSNMP2 the components of the Flp-In-System (Thermo
Fisher Scientific, Waltham, MA, USA) and a modified HEK 293 cell line
(Flp-In T-REx293/G415) were used. Following protocols successfully
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applied previously (Grosse-Wilde et al., 2006; Pregitzer et al., 2014), the
coding region of HvirSNMP2 (Acc. No. AM905328) were first
PCR-amplified from vector containing the HvirSNMP2 ¢DNA (Forstner
et al., 2008) using specific primers (HvirSNMP2: 5- A TTT GCG GCC
GCG ATG TTG GGC AAA CAC TCG AA-3' and 5'- CCG GTC GAC CCA TCA
ATT TCC TTT ATT AAC CTG -3) and integrated into the
pcDNA5/FRT/TO expression vector (Thermo Fisher Scientific). Subse-
quently Flp-In T-REx293/G415 cells were transfected with the
HvirSNMP2/pcDNA5/FRT/TO construct using Lipofectamine™ 2000
Transfection Reagent (Thermo Fisher Scientific) according to the sup-
plier’s instructions. Briefly, 2 x 10° cells were seeded into single wells of
a sterile 24-well cell culture plate (Greiner Bio-One, Frickenhausen,
Germany) and transfected 24h later with 500 ng expression vector
construct and 1 pL Lipofectamine 2000 reagent. 48h post transfection,
cells were selected for SNMP2 genome integration using media supple-
mented with 100 mg/L hygromycin finally revealing the
T-REx293/Gual5/SNMP2 cell line, named TREx/S2 cells in the
following. TREx/S2 cells and control cells (T-REx293/Gal5/SNMP2),
named TREX cells in the following, were cultured in T75 flasks (Sarstedt,
Niimbrecht, Germany) using Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fisher Scientific) with 10% fetal bovine serum
(Thermo Fisher Scientific) and supplemented with either 10 mg/L
blasticidin, 200 mg/L geneticin in regular alternation. In the case of
TREx/S2 cells, 100 mg/L hygromycin were regularly included. The
heterologous expression of HvirSNMP2 in the TREx/S2 cells was
induced by the addition of 5 pg/ml tetracycline to the cell culture
medium.

2.3. RNA extraction and reverse transcription PCR

Total RNA was extracted from 90 to 95% confluent cells in T75 flasks
pretreated with 5 pg/ml tetracycline 24h prior to using TRIzol reagent
(Thermo Fisher Scientific) according to manufacturer protocol. Briefly,
cells were suspended in 1 ml Trizol reagent, transferred into a 1.5 ml
reaction tube and incubated for 5 min at room temperature. After adding
200 pL chloroform the samples were gently inverted for 30 s, followed
by incubation for 2 min at room temperature and centrifugation for 15
min (12000 g at 4 °C). The clear upper aqueous layers were transferred
to a fresh reaction tube, mixed with 500 pL isopropanol and kept
overnight at —20 °C. After centrifugation for 30 min (12000 g, 4 °C), the
supernatants were removed and the RNA pellets were washed with 1 ml
75% Ethanol. The samples were centrifuged again for 5 min (7500 g,
4 °C) and the supernatants removed. The RNA pellets were dried at room
temperature and finally resuspended in 20 pL dH»0. PolyA*-RNA was
isolated from total RNA using the Dynabeads mRNA purification kit
(Thermo Fisher Scientific) following the protocol of the supplier and
eluted in dH,0. For first strand cDNA synthesis 150 ng of polyA™-RNA,
1 pl 50 pM oligo(dT)20 primer (Thermo Fisher Scientific), 1 pl 10 mM 2-
deoxynucleoside 5-triphosphate (dNTP) solution mix (New England
Biolabs, Ipswich, MA, USA) and dH,O were mixed in a total volume of
13 pL. After incubation for 5 min at 65 °C, 4 pl 5x SSIV Buffer (Thermo
Fisher Scientific), 1 pl 100 mM 1,4-dithiothreitol (Thermo Fisher Sci-
entific), 1 pl RNaseOut (Thermo Fisher Scientific), and 1 pl Superscript
IV reverse transcriptase (Thermo Fisher Scientific) were added. Syn-
thesis of cDNA was carried out at 52 °C for 10 min followed by 10 min at
80 °C. For PCR amplification of sequences coding for HvirSNMP2, the
following  primers were used: HvirSNMP2  5-ATCAAA-
GAGGACGATGTCCCGA-3and 5- CAGCTGTGGAATGTTGTTGATC-3'.
PCR products were visualized using agarose gel electrophoresis and
ethidium bromide staining.

2.4. SDS-PAGE and western blot
Cells were grown to a confluency of 80-90% in T75 flasks and

induced by adding tetracycline to a final concentration of 5 pg/ml for
24h. Tetracycline addition was repeated 3h before collecting the cells for
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protein analysis. Cells were washed off from the flask surface and
transferred to a 2 ml reaction tube using 1.5 ml lysis buffer (50 mM Tris-
HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4) supplemented with 1% Triton
X-100, 5% Glycerol and SigmaFAST protease inhibitor cocktail (Merck,
Darmstadt, Germany; one tablet diluted in 100 ml of stock lysis buffer).
After incubation for 3 min on an orbital shaker at room temperature, the
samples were transferred to a fresh reaction tube, rotated for 30 min on
an overhead shaker at 4 °C and subsequently centrifuged at 2000 g for 5
min at 4 °C. The supernatant was used for SDS-PAGE and Western Blot
analysis. 20 pg of total protein of the supernatant were utilized per lane
on a 12% SDS-gel. Two identically loaded gels were prepared in parallel
and either stained with Coomassie blue, or electro blotted with a semi-
dry apparatus onto a methanol-activated PVDF membrane (Carl Roth,
Karlsruhe, Germany) soaked in transfer buffer (25 mM Tris, 192 mM
glycine, 20% methanol) for 1h at 200 mA. After protein transfer, the
membrane was incubated for 1h in TBST (100 mM Tris, 150 mM NacCl,
pH 7.5 supplemented with 0.05% Tween 20) with 7% milk powder
followed by treatment with the rabbit-anti-HvirSNMP2-ab (Blankenburg
et al., 2019) diluted 1:500 in TBST with 3.5% milk powder overnight at
4 °C. Subsequently, the membrane was washed 3 times for 10 min with
TBST, incubated in goat-anti-rabbit alkaline phosphatase (Thermo
Fisher Scientific) diluted 1:10,000 in TBST with 3.5% milk powder for
1h at room temperature. After washing 3 times for 10 min in TBST and 2
times for 10 min in substrate buffer (100 mM Tris-HCl, 100 mM NacCl, 5
mM MgCl,, pH 9.5) the membranes were incubated in 25 pg/ml nitro
blue tetrazolium and 50 pg/ml 5-brom-4-chlor-3-indolyl phosphate in
substrate buffer for 2h. The color reaction was stopped by incubating the
membranes for 5 min in dH50.

2.5. Live cell imaging of fatty acid uptake

Cells (~30000 per well) were seeded onto 10-well CELLview™
Slides (Greiner Bio-One) 48h prior to the experiments and grown in 200
pl DMEM to a confluency of around 70-80%. Cells of different lines
(TREx/S2, TREX) were seeded on the upper and the lower row of wells of
the slides, respectively. 24h after seeding and at 5-6h before the ex-
periments the cells were induced by adding 1 pl tetracycline solution (1
mg/ml). For live cell imaging, the cell-prepared slides were inserted into
the microscope stage of a widefield fluorescence microscope DMi8
(Leica Microsystems, Wetzlar, Germany). Unless specified otherwise a
40x dry objective was used. The fatty acid uptake assay was conducted
with one well at a time and started by carefully removing the growth
medium and immediately adding 200 pL of working solution. The
working solution consisted of a specific concentration of either a BOD-
IPY™ FL C16- fluorescent fatty acid analog (BODIPY FL C16, Thermo
Fisher Scientific, Stock solution: 10 mM in DMSO) or BODIPY™ 500/
510 Cy4, Cg - fluorescent fatty acid analog (BODIPY C4C9, Thermo Fisher
Scientific, Stock solution: 10 mM in DMSO), diluted in cell culture grade
sterile filtered PBS pH 7.4 (Merck) and supplemented with 0.05% Try-
pan blue (Thermo Fisher Scientific) to quench extracellular BODIPY
signals. For the SNMP2 inhibition experiments, cells were pretreated
with 50 pM sulfo-N-succinimidyl oleate (SSO; Cayman Chemical, Ann
Arbor, MI, USA) with 0.1% DMSO or only 0.1% DMSO in cell culture
grade PBS for 60s prior to adding the working solution.

For monitoring the fluorescent fatty acid analog uptake into cells
over time, images of the cells were captured in the transmitted light as
well as the FITC fluorescence channels of the DMI8 microscope every 7s
starting immediately after adding the working solution to the wells. 24
time points were recorded giving a total imaging time of 168 s. This
protocol and duration turned out to be best to ensure full cell viability
and exclude phototoxic effects in the experiments. For the recording the
acquisition mode of the software Leica Application Suite X (LAS X, Leica
Microsystems GmbH) was applied. The uptake of the fatty acid fluo-
rescent analogs into single cells was evaluated by arbitrarily choosing
cells as regions of interest (ROI) and tracing their outlines in the trans-
mitted light channel using the Analysis function of LAS X. After selecting
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25 cells per replicate in the transmitted light channel, the mean in-
tensities of the labelled ROIs in the fluorescent FITC channel were
extracted to calculate for each cell the relative change in fluorescent
intensity over time by (F-Fo)/Fo. The mean (£SD) relative changes in
fluorescent intensity (AF/Fg) of TREx or TREx/S2 cells over time were
calculated from all selected cells of at least four independent replicates
using the LASx software.

2.6. Fluorescence immunohistochemistry (FIHC)

FIHC experiments were performed as described previously (Blan-
kenburg et al., 2019). Antennae of adult H. virescens were fixed for 2 h at
4 °C in 4 % paraformaldehyde and 0.5 % glutaraldehyde in phosphate
buffer (1.4 mM KH3PO4, 8 mM NayHPOu, pH 7.4) followed by three
washing steps for 10 min in phosphate buffered saline (PBS, 145 mM
NaCl, 1.4 mM KHyPO4, 8 mM NayHPO4, pH 7.1). Antennae were
transferred into 10 % sucrose solution (in phosphate buffer) for 1 h at
room temperature followed by 25 % sucrose solution (in phosphate
buffer) over night at 8 °C. After embedding the antennae in O.C.T Tissue
Tek freezing medium (Sakura Finetek Europe, Alphen aan den Rijn, The
Netherlands) at —20 °C, 12 pm cryosections were prepared and subse-
quently thaw mounted onto Epredia SuperFrost Plus Adhesion micro-
scope slides (Thermo Fisher Scientific). The sections were encircled with
Liquid Blocker (Plano, Wetzlar, Germany) and then treated with PBS
supplemented with 0.01 % Tween 20 for 5 min. Next, the sections were
treated with 50 mM NH4Cl (in PBS pH 7.1) for 5 min, PBS for 5 min and
FIHC blocking solution (10 % normal goat serum, 0.5 % Triton X-100 in
PBS pH 7.1), for 30 min at room temperature. Subsequently, the sections
were incubated with rabbit-anti-HvirSNMP2 ab (1:200 in blocking so-
lution) over night at 8 °C in a humid box, followed by washing the slides
three times for 5 min with PBS and the incubation with goat-anti-rabbit
AF488-conjugated secondary antibodies (1:1000) (Jackson ImmunoR-
esearch, Ely, Great Britain), goat-anti-HRP Cy3 (1:400) (Jackson
ImmunoResearch) and DAPI (1:1000, Thermo Fisher Scientific) diluted
in PBS, for 1 h at room temperature. After washing the slides three times
for 5 min with PBS, the sections were mounted in Mowiol (Merck; 20 g
Mowiol 4-88, 2.4 g n-propyl-gallate, 40 ml glycerine, 80 ml PBS pH 7.1)
and covered with a coverslip.

2.7. Whole mount in situ hybridization combined with
immunohistochemistry

Whole mount fluorescent in situ hybridization (WM-FISH) was
conducted as described earlier (Krieger et al., 2005) with a few modi-
fications. For the experiments, 0.2 mL reaction tubes were used and all
steps were incubated under constant rotation on an overhead shaker and
at room temperature unless specified otherwise. Antennae of B. mori
were prepared from cold anesthetized animals. The side branches were
dissected from the main antennal stem and immediately transferred into
4% paraformaldehyde (in 100 mM NaHCOs, pH 9.5). After incubation
for 20-24h at 4 °C, the samples were washed for 1 min in PBS (pH 7.1),
10 min in 200 mM HCI and 2 min in PBS with 1% Triton X-100. The
samples were then prehybridized at 55 °C in a hybridization oven (Jena
Analytik, Jena, Germany) for at least 6h in whole mount hybridization
solution [50% formamide, 5 x SSC (750 mM NacCl, 75 mM sodium cit-
rate, pH 7.0), 1 x Denhardt’s reagent (50 pg/mL yeast RNA, 1% Tween
20, 0.1% CHAPS, 5 mM EDTA) pH 8.0] followed by hybridization at
55 °C for 48-72 h in the same solution containing a digoxigenin labelled
antisense RNA probe of the coding region of B. mori SNMP2 (Acc. No.
XP_037870755). The DIG-labelled antisense riboprobe was generated
from a BmorSNMP2 cDNA containing plasmid using an RNA transcrip-
tion system (Merck).

Afterwards, the antennal samples were washed four times for 15 min
in preheated 0.1 X SSC with 0.03% Triton X-100 at 60 °C in the hy-
bridization oven and subsequently incubated in 1% blocking reagent
(Akoya Biosciences, Marlborough, MA, USA) in TBS (100 mM Tris, 150
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mM NaCl, pH 7.5) with 1% Triton X-100 over night at 4 °C. Samples
were then treated with an anti-dig AP-conjugated antibody (Merck)
diluted 1:500 in 1% blocking reagent in TBS for 48h at 4 °C. After
washing five times for 10 min in TBS with 0.05% Tween 20 and one time
for 5 min in 150 mM Tris-HCI pH 8.3, dig-labelled riboprobes were
visualized by using the VECTOR RED alkaline phosphatase substrate kit
(Vector Laboratories, Burlingame, CA, USA) as recommended by the
manufacturer with components diluted in Tris-HCl (150 mM, pH 8.3)
and substrate incubation for 5-7h at 4 °C. The samples were then
washed with TBST three times for 10 min and treated with anti-HRP
AF633 (Jackson ImmunoResearch) diluted 1:200 in TBST overnight at
4° for immuno-counterstaining of neurons. After washing the samples
three times for 10 min with TBST and once for 5 min with H5O, the
antennal fragments were mounted in mowiol filled into the center of
three layers of self-adhesive hole reinforcement rings (Herma GmbH,
Filderstadt, Germany) placed on microscope slides and sealed with a
coverslip.

2.8. Fatty acid uptake assay with antenna

The antennae of H. virescens and B. mori were carefully removed from
the heads and placed into working solution (50 mM BODIPY FL C16 in
PBS) for 1 h without submerging the base of the antenna. For
H. virescens, the antennae were then briefly rinsed in PBS before being
transferred into fixative solution (4% PFA in PBS) for 2h at 4 °C. The
antennae were then washed three times for 10 min with PBS, embedded
into O.C.T Tissue embedding medium, sectioned (12 pm) with a cry-
omicrotome and thaw mounted onto SuperFrost Adhesion microscope
slides. After sectioning, the antennal sections were rinsed three times for
5 min with PBS, incubated in FIHC blocking solution for 30 min and then
treated with anti-HRP Cy3 and DAPI for 1h. Sections were washed three
times for 5 min in PBS, once for 5 min with H5O and then mounted with
mowiol and a cover slip. For B. mori antennae, the side branches were
first dissected off of the main antennal branch and then transferred into
the fixative solution overnight at 4 °C. Then the antennal fragments were
rinsed twice with PBS for 10 min, briefly washed with water and
transferring onto microscope slides with mowiol as described for the
samples in WM-FISH. To test the effect of the SSO inhibitor on the an-
tenna, the antenna were treated with an SSO solution (100 pM SSO,
0.4% DMSO in PBS pH 7.4) for 1 h at room temperature prior to the
uptake assay with BODIPY FL C16. Afterwards, antenna were carefully
removed at their bases and treated with the BODIPY FL C16 working
solution as mentioned for H. virescens. Control experiments were per-
formed with antenna treated in the same solution omitting SSO (0.4%
DMSO in PBS pH 7.4).

2.9. Analysis of antennal samples by confocal microscopy

Sections from the FIHC experiments and whole mount preparations
of the WM-FISH experiments, as well as the fatty acid uptake assays on
moth antenna were analyzed on a LSM 880 confocal laser scanning
microscope (Carl Zeiss Microscopy, Jena, Germany). Confocal image
stacks of the fluorescence and transmitted-light channels were taken and
used to make projections of optical planes applying the ZEN Black
software (Carl Zeiss Microscopy). Pictures were not altered except for
adjusting the brightness or contrast for a uniform tone within a single
figure.

2.10. Behavioral experiments on Bombyx mori males

When exposed to females releasing sex pheromones, male silk moths
respond by rapidly flapping their wings for some time, a behavior named
the wing-fluttering response. To compare the response of untreated and
SSO-Inhibitor-treated male B. mori to female released sex pheromones
the duration of the flutter dance of the males was used as a measure. For
this, 0-2 day old males were separately kept in plastic containers (11 cm

Insect Biochemistry and Molecular Biology 164 (2024) 104046

x 7.5 cm x 4 cm). In the experiment, an adult female (0-3 day old) was
held 10 cm above an individual male for 30 s eliciting an immediate
male wing fluttering response. The total male response time was
measured until the male stopped wing beating and remained stationary
for more than 2 min. Afterwards, the male was placed head first until its
thorax into a 2 ml reaction tube filled with 500 pL inhibitor solution
(100 pM SSO with 0.4% DMSO in PBS pH 7.4), thus just its antenna and
head were fully submerged in inhibitor solution. Control experiments
were conducted with males treated in the same way with 0.4% DMSO in
PBS. After treatment for 1h at room temperature, the males were placed
back into their individual containers and left to dry for 15 min. Subse-
quently, the males were exposed again to females for 30 s and their wing
flutter response was measured. The response durations of the males
before and after their respective treatments were compared and
analyzed for statistical differences using a paired T-test.

3. Results

3.1. SNMP2 mediates an increased cellular uptake of a fluorescent fatty
acid analog

For functional investigations towards a possible involvement of the
SNMP2 protein in the transport of lipophilic fatty acid compounds, we
generated a stable cell line, termed TREx/S2 cells, carrying the
HvirSNMP2 coding sequence. The transcription of the HvirSNMP2 gene
in TREx/S2 cells after tetracycline induction was verified using reverse
transcriptase PCR and HvirSNMP2 specific primers. Amplification of
PCR products of the anticipated size were obtained with cDNA gener-
ated from TREx/S2 cells but not with ¢cDNA from parental TREx cells
(Fig. 1A). In order to test if gene expression also leads to the production
of the SNMP2 protein, we performed Western blot analysis with total
protein extracts of induced TREx and the TREx/S2 cells using an anti-
HvirSNMP2 antibody (Fig. 1B). A clear band slightly above the pre-
dicted molecular weight of about 59 kDa was obtained only in the TREx/
S2 cells. Since SNMP proteins display a number of glycosylation sites
(Gomez-Diaz et al., 2016), we presume that post-translational modifi-
cations likely cause the HvirSNMP2 protein to run higher than the
predicted molecular weight. Together, the results demonstrate success-
ful expression of SNMP2 in the TREx/S2 line on both the mRNA and the
protein level.

To determine if HvirSNMP2 can mediate an increased cellular uptake
of lipophilic fatty acids, we incubated parental TREx cells and SNMP2-
expressing TREx/S2 cells with a fluorophore-conjugated long-chain
fatty acid analog, termed BODIPY FL C16. We first compared the fluo-
rescent signals in both lines directly after the application of 10 pM
BODIPY FL C16 (0 s) and at the end of the uptake assay (168 s later)
(Fig. 1 C). No intrinsic fluorescence was observed in cells of either line
directly after the addition of the fatty acid analog (0 s). In contrast,
imaging of the same cells after 168 s, revealed only weak fluorescence
signals in TREx cells whereas SNMP2-expressing TREx/S2 cells showed
intense fluorescent labeling. This result shows that the amount of fluo-
rescent fatty acid analog taken up by the TREx/S2 cells vastly differs
from that of the TREx cells (Fig. 1 C).

In order to monitor the uptake of 10 pM BODIPY FL C16 over time,
we performed live cell imaging experiments by measuring the fluores-
cence of individual cells in 7s increments over a period of 168 s after
treatment (24 time points). From this we calculated for each time point
the relative change of fluorescent intensity in relation to the initial
fluorescence (AF/Fp). The mean relative fluorescence changes (+SD) of
cells determined from 5 independent experiments with 25 arbitrarily
selected each are shown in Fig. 1 D. It is getting clear that the parental
TREx cells show a steady but rather low increase in fluorescence in-
tensity, i. e. an uptake of BODIPY FL C16. In comparison, the results for
the SNMP2-expressing cells show a much higher and rapid uptake of the
fluorescent fatty acid analog over the whole 168 s duration of the ex-
periments (Fig. 1 D).
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Fig. 1. SNMP2 mediates an increased cellular uptake of long-chain fatty acids. A SNMP2 gene expression in TREx/S2 as verified by RT-PCR with HvirSNMP2 specific
primers. A band of the expected size (arrowhead) was only obtained with cDNA from TREx/S2 cells but not from the parental TREx cells. B SDS-PAGE and Western
Blot analysis of total protein extracts from TREx and TREx/S2 cells. The upper panel shows all proteins of an SDS-PAGE stained with Coomassie blue. The lower panel
shows the immunoblot using the anti-HvirSNMP2-ab that visualized a clear protein band in the TREx/S2 lane (arrowhead). C Uptake of BODIPY FL C16 (green) (10
pM) into TREx and TREx/S2 cells at Os and at 168s after application of the fatty acid analog. Images were taken with a 63 x immersion objective and processed with
the Leica LASx software (scale bars = 50 pm). D live cell imaging measurements of the fatty acid uptake in TREx and TREx/S2 cells. Images were taken in 7s in-
crements after the application of 10 pM BODIPY FL C16 using a 40x dry objective. The mean (+SD) relative changes in fluorescent intensity (AF/Fy) in cells over
time were calculated from five independent replicates with 25 randomly selected cells each using the LASx software. E relative changes of fluorescent intensity in
TREx and TREx/S2 cells after 168s using different concentrations of BODIPY FL C16 (mean + SD). Data were determined from five independent replicates with
20-25 cells each. Asterisks denote significant differences using an unpaired T-test (***p < 0.001).

We also tested parental TREx cells and the TREx/S2 cells with
different concentrations of BODIPY FL C16 and compared the change in
fluorescence intensity after 168 s (Fig. 1 E). We found a concentration
dependent increase in fluorescence intensity in both cell lines. However,
at all concentrations tested, a significantly higher fatty acid analog up-
take was measured in the TREx/S2 cells compared to TREx cells.
Overall, the results demonstrate that the presence of SNMP2 causes a
rapid and increased cellular uptake of the long-chain fatty acid analog
BODIPY FL C16 into TREx cells.

To approach the specificity of the BODIPY FL C16 uptake, further live
cell imaging experiments were performed with another BODIPY fatty
acid analog, BODIPY C4C9, where the position of the BODIPY fluo-
rophore is shifted towards the middle of the molecule, closer to the fatty
acid carboxyl group (Fig. S2). In these experiments, no differences in the
uptake were observed between the TREx and the TREx/S2 cells (Fig. S3).

These results denote some selectivity of SNMP2 in mediating the cellular
uptake of lipophilic fatty acids.

3.2. The CD36 inhibitor SSO impairs the SNMP2-mediated fatty acid
uptake

We next attempted to suppress the SNMP2-mediated uptake of long-
chain fatty acids into TREx cells by applying a known CD36 protein
inhibitor, sulfo-N-succinimidyl oleate (SSO). Therefore, we pretreated
the TREx and TREx/S2 cells with 50 pM SSO for 1 min before testing the
uptake of 10 pM BODIPY FL C16 by live cell imaging measurements. For
TREx cells we found no difference in the time course and extent of the
fatty acid analog uptake between the SSO pretreated cells (Fig. 2 A) and
untreated cells (Fig. 1 D), indicating that SSO does not impair regular
TREx cell functions. However, when analyzing TREx/S2 cells, we
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Fig. 2. SSO inhibits the SNMP2-mediated uptake of the long-chain fatty acid analog BODIPY FL C16. A Uptake of 10 uM BODIPY FL C16 in TREx and TREx/S2 cells
after SSO pretreatment (50 pM SSO/0.1% DMSO). Live cell imaging measurements were performed in 7s increments over 168 s. The relative changes in fluorescent
intensity (AF/F,) of the mean (£SD) cellular values calculated from four independent replicates with 25 randomly selected cells each. B TREx/S2 cells were either
pretreated with 50 pM SSO/0.1% DMSO or only 0.1% DMSO (control) prior to live cell imaging of the BODIPY FL C16 uptake. AF/F, changes represent the mean
values (+SD) of cells calculated from six (SSO) and eight (control) independent replicates with 25 randomly selected cells each.

observed a clear reduction in fluorescence signal intensity in SSO-
pretreated cells (Fig. 2A) compared to non-treated cells (Fig. 1 D),
with the extent of the BODIPY FL C16 uptake in the SSO pretreated
TREx/S2 cells now resembling the uptake in the parental TREx cells
(Fig. 2 A). To ensure that the solvent (DMSO) used to solubilize SSO does
not impact SNMP2 function, we performed additional control experi-
ments with TREx/S2 cells preincubated with either the SSO working
solution or the same solution without SSO (Fig. 2 B). This revealed no
reduced uptake in TREx/S2 cells when SSO was omitted, demonstrating
no effect of the DMSO solvent on SNMP2 function. Altogether, the ex-
periments suggest that SSO inhibits SNMP2’s function and in conse-
quence attenuates the uptake of the lipophilic fatty acid analog BODIPY
FL C16 into TREx/S2 cells.

3.3. Support cells of the H. virescens antenna express SNMP2 and can
take up fatty acids from the sensillum lymph

We next tried to approach, whether an uptake of lipophilic fatty acids
from the sensillum lymph may also exist in the antenna and whether
SNMP2-expressing supports cells are involved. To investigate the ability
of support cells to take up lipophilic fatty acids from the sensillum
lymph, we incubated entire intact male H. virescens antennae in BODIPY
FL C16 solution, allowing the compound to enter the sensillum lymph
via pores in the sensillum’s cuticle. After treatment, antennal sections
were prepared and additionally treated with anti-HRP and DAPI to
visualize neurons and nuclei, respectively.

The results of the antennal fatty acid uptake assays revealed inten-
sive BODIPY FL C16 labeling of cells throughout the antennal segments
as demonstrated by the horizontal section shown in Fig. 3 A. The
BODIPY FL C16 labeling pattern was complementary to the neuronal
staining that visualized OSNs (Fig. 3A-C), demonstrating that non-
neuronal cells have specifically taken up the fatty acid analog. This is
further evidenced by closer inspections of a longitudinal section,
revealing that the BODIPY FL C16 signals are attributed to non-neuronal
support cells, which directly border the bases of olfactory sensilla and
are associated with OSNs that show no labeling by the fatty acid analog

(Fig. 3 B and C, C’). Within the cells, the BODIPY FL C16 signals partly
accumulated in a dot-like pattern (arrowheads in Fig. 3. C’). Control
experiments with antenna incubated in a solution omitting the fluores-
cent fatty acid analog showed only the neuronal staining pattern and
some cuticle’s autofluorescence but no labelling in the green BODIPY
fluorescence channel (Fig. S4).

In order to evaluate if the same cells that take up the fatty acid analog
also express SNMP2, we set out to compare the support cell labeling
pattern obtained in the BODIPY FL C16 uptake assay with the topog-
raphy of the SNMP2-expressing support cells in the H. virescens antenna.
Therefore, we performed FIHC with an anti-HvirSNMP2 specific anti-
body on antennal sections together with anti-HRP and DAPI counter-
staining (Fig. 3 D - F’). Similar to the BODIPY FL C16 support cell
labeling, the FIHC experiments exhibited the presence of SNMP2 in
multiple, non-neuronal cells (Fig. 3 D and E). Moreover, exploring lon-
gitudinal sections shows that SNMP2 is localized in the support cells
closely associated with OSNs at the bases of olfactory sensilla (Fig. 3 E
and F). These results are in accordance with our previous FIHC and FISH
experiments demonstrating broad SNMP2 expression in most if not all
antennal support cells of H. virescens olfactory sensilla (Blankenburg
et al., 2019; Forstner et al., 2008). Unfortunately, attempts to use the
anti-SNMP2 antibody in BODIPY FL C16 uptake/SNMP2 co-labeling
experiments were not successful. This was probably due to the
extended protocol required for FIHC with anti-SNMP2-ab, leading to a
loss of the BODIPY FL C16 signal from sections.

Overall, the support cell labelling pattern evoked by the anti-SNMP2
antibody clearly coincides with the pattern of BODIPY FL C16-positive
cells revealed in the antennal fatty acid uptake assays. This strongly
suggests that the SNMP2-expressing cells are the same support cells that
are able to take up the fatty acid analog.

3.4. Fatty acid uptake and SNMP2-expression in support cells of the
Bombyx mori antenna

To address the question if SNMP2-expressing support cells in other
moths are also capable of taking up fatty acids from the sensillum lymph,
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Fig. 3. Support cells of the antenna of H. virescens express SNMP2 and take up fatty acids from the sensillum lymph. Antennal sections were treated with anti-HRP to
visualize OSNs (red) and DAPI to visualize nuclei (blue). A-C’ Sections of antenna that were incubated with the fatty acid analog BODIPY FL C16 (green). A and A’
Visualization of BODIPY FL C16-positive cells and neurons in a horizontal section. B Longitudinal section showing support cells that display BODIPY FL C16 signals
and are associated with non-labelled OSNs underneath olfactory sensilla. C and C’ show a higher magnification of cells in the region boxed in B. Arrowheads indicate
dot-like signals in support cells. D-F’ SNMP2-positive cells were visualized by FIHC using anti-HvirSNMP2-ab (green). D and D’ distribution of multiple non-neuronal
SNMP2-positive cells and OSNs on a horizontal antennal section. E SNMP2 expression in support cells that are associated with OSNs underneath olfactory sensilla. F
and F’ higher magnification of the boxed region shown in E. Images A, B, C, D, E, F: overlay of the red and green channels. A’and D’ green channel. C’and F’: overlay
of the green and blue channels. Scale bars: A and D = 20 pm; B and E = 10 pm; C and F = 5 pm.

we analyzed the antenna of the silk moth Bombyx mori. Therefore, we
first characterized the SNMP2-expressing cells in this species. In lack of a
B. mori SNMP2-specific antibody we alternatively used fluorescence in
situ hybridization (FISH) with a dig-labelled SNMP2 riboprobe com-
bined with FIHC using the anti-HRP antibody to visualize the SNMP2-
expressing cells and neurons, respectively.

Due to the distinctive morphology of the B. mori antenna, which has
long sensilla on side branches that protrude out of a main trunk,

sectioning of the antenna proved difficult. Therefore, we applied com-
bined FISH/FIHC on whole mount samples of the antennal side
branches. Using this method, we produced samples with well-preserved
antennal tissue and sensilla structures, though we noted that in confocal
LSM analysis the antennal cuticle emits strong autofluorescence
depending on the optical plane being imaged (Fig. 4 A, asterisk).

In B. mori, all the trichoid and basiconic sensilla are located on one
side of the antenna. Accordingly, we found anti-HRP labelled OSNs
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Fig. 4. Antennal support cells of B. mori express SNMP2 and can take up fatty acids from the sensillum lymph. A-B”” Combined whole mount FISH and FIHC
conducted on an antennal side branch utilizing an SNMP2-ribopobe (green) to visualize SNMP2 expression and anti-HRP (red) to visualize OSNs. A SNMP2-positive
cells are situated beneath the olfactory sensilla. B-B’’ Show a higher magnification in different channels of the region boxed in A. C-D Antenna of B. mori treated with
BODIPY FL C16 (green). C BODIPY FL C16-positive cells were detected underneath the olfactory sensilla. D higher magnification of the area boxed in C showing
uptake of BODIPY FL C16 in support cells (encircled). The Asterisk (*) in A denotes autofluorescence of the cuticle. A and B’: overlay of red and green channels. B: red
channel. B, C and D: green channel. Scale bars: A and C = 20 ym; B and D = 10 pm.

arranged below the antennal surface carrying the olfactory sensilla
(Fig. 4 A and B). In addition, the SNMP2 riboprobe visualized numerous,
strikingly large SNMP2-positive cells in the antenna that were closely
associated with the OSNs (Fig. 4 A and B’). Typical for support cells,
these cells show extension towards the base of the sensilla. In addition,
the co-staining of OSNs and SNMP2-positive cells exemplifies the typical
differences in the size and morphology of these cell types (Fig. 4 B*).
Overall, the WM-FISH results elucidated a broad expression of SNMP2 in
the morphologically distinct support cells in the antenna of B. mori.

We next tested if support cells of B. mori are also able to take up a
fatty acid analog that enters a sensillum by incubating the antennae of
males in a solution with BODIPY FL C16. In these experiments we found
numerous cells displaying BODIPY FL C16 signals underneath the side of
the antennal side branches harboring the majority of the olfactory
sensilla (Fig. 4 C, supplementary). When analyzed at a higher magnifi-
cation, it becomes apparent that BODIPY FL C16 signals, some of which
appear as dot-like accumulations, are located in distinct and large cells,
with a morphology typical for support cells and resembling the shape of
the SNMP2-expressing cells. Together, our experiments with B. mori
antenna revealed results similar to H. virescens, indicating the ability of
support cells to take up fatty acids from the sensillum lymph, which, in
terms of morphology and topography, correspond to SNMP2-expressing
support cells.

3.5. SSO treatment of the antenna inhibits uptake of fatty acids from the
lymph

To possibly link the observed BODIPY FL C16 uptake into antennal
support cells to a role of SNMP2 in this process, we investigated if

treatment of the antenna with the inhibitor SSO may impair the cellular
uptake of the long-chain fatty acid analog from the sensillum lymph.
Towards this goal we used the antenna of B. mori because it permits the
analysis of whole mount preparations, which were regarded best suited
for determining potential SSO inhibitor-induced changes of the BODIPY
FL C16 uptake within antennal structures.

In control experiments antennal samples were pretreated for 1 h with
0.4% DMSO in PBS, which was used to dissolve SSO, before applying the
fatty acid analog for 1 h. Analysis of the control samples visualized
BODIPY FL C16-positive support cells, indicating that they retain their
ability to take up fatty acids from the sensillum lumen upon solvent
treatment (Fig. 5 A). In contrast, antenna subjected to SSO pretreatment
(100 pM SSO, 0.4% DMSO in PBS) under otherwise identical conditions,
showed diminished BODIPY FL C16 signals in the support cells (Fig. 5 B).
Moreover, when analyzing the sensillum lumen, we noticed obvious
differences in the luminal fluorescence signals between SSO-treated and
control antenna (Fig. 5 C and D). Along the sensillum lumen of control
antenna we rarely observed fluorescent signals, with occasional signals
restricted to the base of the sensilla (Fig. 5 C). In contrast, in the SSO
treated antenna, BODIPY FL C16 signals were regularly found localized
along the entire length of the sensillum shafts (Fig. 5 D). Together our
results demonstrate that SSO treatment of the antenna blocks the uptake
of BODIPY FL C16 from the sensillum lymph into the support cells.
Moreover, they indicate that this leads to an accumulation of the fatty
acid analog in the sensillum lumen.

3.6. Effect of SSO treatment on pheromone-elicited behavior

In B. mori, the female-released sex pheromones, i. e. the unsaturated
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Fig. 5. SSO treatment of the B. mori antenna affects the uptake of fatty acids from the sensillum lymph and alters the behavioral response in males. Antenna were
treated with either control (0.4% DMSO in PBPs) or inhibitor solutions (100 pM SSO, 0.4% DMSO in PBPs). A-D Antenna were incubated with the fatty acid analog
BODIPY FL C16 (green) after treament. Scale bars = 20 pm. A Support cells (arrows) take up BODIPY FL C16 in control treatments. B Reduced uptake of BODIPY FL
C16 into support cells after SSO treatment. C few BODIPY FL C16 signals (arrowheads) in the sensillum lumen in control treated antenna. D BODIPY FL C16 signals
along the entire length of sensillum shafts in SSO treated antenna. E Wing fluttering duration of males (mean =+ SD) after exposure to female pheromones before and
after treatment with either solvent (n = 12) or SSO in solvent (n = 12). n.s. = not significant, **p = 0.0067 in a paired T-test.
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long-chain alcohol and aldehyde Bombykol and Bombykal, respectively
are inactivated to the corresponding long-chain fatty acids, which have
to be rapidly removed from the sensillum lymph to prevent product
inhibition of the inactivation process and, in consequence, accumulation
of active sex pheromone in the lymph. Because we found SSO to impair
the uptake of fatty acids from the lymph into support cells of B. mori we
asked if SSO treatment of the antenna may possibly also alter the
effective removal of sex pheromone inactivation products in males of
B. mori and thus may lead to an altered behavioral response. We used the
duration of the wing fluttering response as a measure to evaluate the
impact of SSO on male pheromone-elicited behavior. First, we deter-
mined the duration of the wing-fluttering response of untreated indi-
vidual males to female sex pheromone exposure. Subsequently, the
intact antennae of individual males were incubated for 1 h in either PBS,
0.4 % DMSO (solvent-group) or 100 pM SSO in solvent (SSO-group).
After allowing the antenna to dry for 15 min the exposure to females was
repeated and the duration of the wing-fluttering response was deter-
mined again.

Prior to their respective treatments, the males of the SSO group (n =
12) and solvent group (n = 12) showed similar mean wing-fluttering
response durations of 412 s (SD + 263 s) and 448 s (SD + 224 s),
respectively. In males that were then treated with solvent, no significant
differences in their wing-fluttering duration was found compared to
before their treatment (Fig. 5 E), indicating that the solvent itself does
not affect the duration of the male wing fluttering response. In contrast,
in the SSO-group, we measured a significant difference between the
duration of the wing-fluttering response before and after SSO treatment
(Fig. 5 E). SSO treated males exhibited a prolonged wing-fluttering when
presented to female releasing pheromones, with a mean duration of
1175 s (SD =+ 764 s), which is more than twice the mean duration of the
initial response. Overall, the experiments with B. mori show that SSO
treatment of male antenna lead to altered behavioral responses to female
sex pheromones, possibly due to disturbance of the proper removal of
their fatty acid inactivation products.

4. Discussion

In this study we assessed a possible role of SNMP2 and support cells
of insect olfactory sensilla in the elimination of lipophilic “waste prod-
ucts” from the sensillum lymph. In many moth species, such products
result from the inactivation of female sex pheromones, representing
long-chain unsaturated aliphatic alcohols or aldehydes, which are con-
verted by ODEs in the sensillum lymph into the corresponding long-
chain fatty acids following OSN activation (Tasayco and Prestwich,
1990; Pelletier et al., 2007; Rybczynski et al., 1990; Kasang and Weiss,
1974). The rapid pheromone inactivation and removal of their inacti-
vation products from the sensillum lymph is considered to be essential
for maintaining the functionality of the sensilla and thus the proper
repetitive detection of pheromones (Vogt and Riddiford, 1981; Pelletier
et al., 2023; Durand et al., 2011).

Our live cell imaging experiments with HvirSNMP2-expressing cells
showed that the presence of SNMP2 mediates an increased and rapid
cellular uptake of the fatty acid analog BODIPY FL C16 with increasing
extracellular concentrations of the analog leading to an increased uptake
into the cells. No increase in uptake was observed when testing the
BODIPY C4C9 analog, indicating some ligand specificity of HvirSNMP2.
Our findings for SNMP2 are reminiscent to functions of mammalian
CD36 proteins, which facilitate the internalization of certain long-chain
fatty acids into cells and accelerate the rate of fatty acid uptake (Koonen
et al., 2005; Glatz and Luiken, 2018; Drover et al., 2008; Abumrad et al.,
1993; Pepino et al, 2014; Glatz et al., 2022). Similarly, other
insect-specific members of the CD36 family outside of the SNMP clade,
namely NinaD and Santa Maria act in the uptake of lipids (carotenoids)
(Wang et al., 2007; Kiefer et al., 2002; Giovannucci and Stephenson,
1999). Thus, a role of SNMP2s in the transport of lipophilic compounds
across cell membranes is in line with the function attributed to various
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CD36 family members. In further support of functional similarities to the
mammalian CD36 protein and of an SNMP2-mediated transport mech-
anism, we found that the CD36 inhibitor SSO abolished the BODIPY FL
C16 uptake into SNMP2-expressing cells. In the mammalian CD36 pro-
tein, SSO binds to a distinct lysine in the apical part of the large protein
ectodomain, which supposedly interacts with the carboxyl group of
long-chain fatty acids, resulting in a reduction of the CD36-mediated
fatty acid internalization (Pepino et al., 2014; Harmon and Abumrad,
1993; Kuda et al., 2013). Although it remains unknown how SSO impairs
SNMP2’s function, our data demonstrate that SSO is not just a potent
inhibitor of mammalian CD36 proteins, but also of the insect-specific
SNMP2 proteins.

In the antenna of H. virescens and B. mori, SNMP2 is exclusively
expressed in the non-neuronal support cells found at the base of the
sensilla. While in this study we focused on its possible role in the
clearance of sex pheromone inactivation products, we are aware of
SNMP2’s broad expression in support cells of not only pheromone-
sensitive sensilla but also of sensilla tuned to the reception of other
behaviorally relevant odorants (Blankenburg et al., 2019; Gu et al,,
2013; Sun et al., 2019). Therefore, it is conceivable that SNMP2 may also
be involved in cleaning the sensillum lymph from inactivation products
resulting from lipophilic general odorants or from lipophilic compounds
that have entered a sensillum accidently. In experiments with
H. virescens and B. mori we found that in SNMP2-expressing cells the
same fatty acid analog, BODIPY FL C16 can be taken up, suggesting
some overlapping ligand spectra of SNMP2 in different moth species.
However, to clarify the selectivity and specificity of SNMP2 further in-
vestigations with a spectrum of various lipophilic ligand are necessary.
Noteworthy, a previous study conducted on the moth Lymantria dispar
has reported the presence high levels of long-chain fatty acids in the
sensillum lymph (Nardella et al., 2015). This was suggested to facilitate
pheromone partition in the lymph and pheromone binding to phero-
mone binding proteins. Therefore, in addition to pheromone clearance,
the SNMP2 may also be involved in further processes i.e. homeostasis of
the fatty acids that comprise the emulsion in the lymph.

Generally, members of the CD36 protein receptor/transporter family
are multifunctional and have a broad ligand spectrum for various lipo-
philic molecules, including different long-chain fatty acids as well as
other lipids derived from fatty acids (Silverstein and Febbraio, 2009;
Martin et al., 2011; Abumrad and Goldberg, 2016; Zhao et al., 2021;
Jimenez-Dalmaroni et al., 2009; Chen et al., 2022; Gomez-Diaz et al.,
2016).

Based on our data, we suggest that SNMP2 proteins in support cells of
insect antenna significantly contribute to the maintenance of the
sensillum function by quickly removing undesired long-chain fatty acids
from the sensillum lymph into support cells. In accordance with such a
function, our previous detailed FIHC study on the antenna of H. virescens
localized SNMP2 at the apical side of the support cells (Blankenburg
et al., 2019), where microvilli structures largely increase the cellular
surface of support cells and directly border the sensillum lymph (Keil,
1989; Gnatzy et al., 1984). Moreover, recent immunogold labelling ex-
periments with locust antenna localized the SNMP2 protein in the
microvilli-membranes of support cells (Cassau et al., 2022).

Microvilli structures are generally sites of high extensive exchange
across membranes (Sharkova et al., 2023; Houdusse and Titus, 2021).
Such an extensive exchange appears to also exist over the microvilli
membranes of olfactory support cells. When treating intact antenna with
the fluorescent fatty acid analog, we found that support cells of both
H. virescens and B. mori were able to efficiently take up the compound
from the sensillum lymph. This indicates that support cells of olfactory
sensilla not only control sensillum lymph homeostasis by secreting
proteins and ions (Thurm and Kiippers, 1980), but also by absorbing
molecules which could otherwise alter the composition of the sensillum
lymph and impact the function of the olfactory unit. Interestingly, evi-
dence for a clearance function of support cells was also provided by
studying gustatory sensilla of the cockroach’s maxillary palps infiltrated
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with the fluorescent dye Lucifer yellow, where it was found that the
support cells of these sensilla were able to take up and clear the sub-
stance from the sensillum lymph (Seidl, 1992). This may hint on a
crucial role of support cells for sensillum lymph maintenance in olfac-
tory and gustatory sensilla of insects.

In our antennal uptake assays with BODIPY FL C16, we regularly
found fluorescent signals accumulating in a dot-like pattern within
support cells of H. virescens and, albeit less pronounced, in support cells
of B. mori. This may suggest that in olfactory support cells the absorbed
lipophilic compounds end up in vesicles and subsequently in lipid
droplets as described for the CD36-dependent uptake of free fatty acids
in adipocytes, which appears to involve dynamic endocytosis processes
leading to the formation of vesicles and lipid droplets (Hao et al., 2020).

We found that pretreatment of antenna with SSO led to a reduced
uptake of BODIPY FL C16 from the sensillum lymph into support cells,
resembling the reduced uptake observed upon SSO treatment of the
SNMP2-expressing cell line. Notably, compared to sensilla of untreated
antenna, the lumen of sensilla from SSO-incubated antenna showed
strong fluorescent signals indicating that the lymph was still filled with
significant amounts of the fatty acid analog. This finding further cor-
roborates that SSO can interfere with the support cell’s clearance of
extracellular fatty acids from the sensillum lymph causing an accumu-
lation of lipids in the perireceptor space. Whether this is a result of direct
SSO binding to the SNMP2 expressed in the support cells needs to be
investigated.

Since we observed that SSO impacts the proper function of sensilla
with regard to the clearance of fatty acids, which are metabolites in the
inactivation of female-released moth pheromones, we analyzed the
possible consequences of an SSO inhibition on the pheromone-induced
behavior of male B. mori moths. Males of this species react sensitively
to the female’s emitting pheromones with a typical fluttering of their
wings, which we found considerably prolonged after SSO treatment.
This suggests that SSO treatment has a substantial impact on the pher-
omone responsiveness of male moths by probably inhibiting the clear-
ance of extracellular fatty acids derived from the inactivation of
pheromones by ODEs. Worth mentioning, disrupting any part of the
ODE activity also leads to prolonged olfactory responses (Chertemps
et al.,, 2012; Fraichard et al., 2020), indicating that in general, the
improper clearance of odorants can impact olfactory driven behavior.

Overall, our data suggest an important role of support cells in
regulating the removal of lipophilic waste compounds from the
sensillum lymph, thereby maintaining the proper function of the olfac-
tory unit as a whole. In these processes SNMP2 may play an essential
role in mediating the elimination of lipophilic fatty acids from the
sensillum lymph such as the inactivation products of moth pheromones.
In this way support cells and SNMP2 would ensure a rapid reset of the
perireceptor environment in preparation to subsequent stimuli and
might be of particularly relevance in moths to maintain the overall high
temporal resolution of the pheromone detection system.
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