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seasonal changes for prolonged durations, such as
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 Ecdysteroids are the principal steroid hormones essential for

ligand-binding pocket and a prominent hydrogen bond formed
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growth and
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neuronal axis controls growth by
ing basal id p
in response to octopamine neurons. Crz/

Development, Tokyo, Japan

Abstract Stem cells fuel the development and maintenance of tissues. Many studies have
addressed how local signals from neighboring niche cells regulate stem cell identity and their

The enteroendocrine cell (EEC)-derived incretins play a pivotal role in regulating the secre-
tion of glucagon and insulins in mammals. Although glucagon-like and insulin-like hormones
have been found across animal phyla, incretin-like EEC-derived hormones have not yet been
characterised in invertebrates. Here, we show that the midgut-derived hormone, neuropep-

diseases. There is an urgent need for the development of selective and safe reagents for mosquito control. Flavonoids,
a group of chemical substances with variable phenolic structures, such as daidzein, have been suggested as potential
mosquito larvicides with less risk to the environment. However, the mode of mosquito larvicidal action of flavonoids
has not been elucidated.

Results: Here, we report that several flavonoids, including daidzein, inhibit the activity of glutathione S-transferase
Noppera-bo (Nobo), an enzyme used for the biosynthesis of the insect steroid hormone ecdysone, in the yellow

expresses the gene encoding the DH31 receptor, which is required
for DH31-triggered elevation of intracellular cAMP in the CA. Knocking
down Dh31 in these CA-projecting neurons or DH31 receptor in
the CA suppresses the decrease of JH titer, normally observed
under dormancy-inducing conditions, leading to abnormal yolk
accumulation in the ovaries. Our findings provide the first

studied in insects as its control could benefit many aspects of industry
and agriculture (Denlinger, 2008, 2022; Denlinger et al,, 2012).
Previous studies have revealed that a fraction of insects enter diapause
at the adult stage under diapause-inducing conditions, leading to
multiple metabolic and behavioral changes, including slowed or halted
reproductive maturation known as reproductive diapause (Denlinger,
2022 Hutfilz, 2022 Kum;,l et al., 2021). As female insect adults

ganisms ranging from invertebrates to mammals. For example, 0o-
genesis is greatly influenced by nutrient availability, as oocytes
require large amounts of energy to ensure production of mature
eggs (1). In particular, insect oogenesis is typically nutrient-depen-
dent and is severely suppressed when sufficient nutrients are un-
available (2). In addition, insect oogenesis is also affected by

Under protein-rich conditions, Drosophila insulin-like peptides
(DILPs) and the insulin receptor are activated, resulting in GSC
maintenance and acceleration of oogenesis. Conversely, protein-
poor conditions suppress DILP signaling, GSC mitosis, and vitello-
genesis and enhance ovarian somatic cell death (4, 12). More recent
studies have demonstrated that other diet-related signaling path-

iy e i : : 5 - % p . ting stimuli that lerate duction (3). It is thought , such as target of in, ade hosphate—de-
insect development and physiology. Inthe as 18 years, several  between 175-cstradioland Asp-1130f DmNobo. We found that CrzR is homologous to GnRH/GNRHR, prolferstive potential However, the regulation of stem cels by tsue-extrinsc signals i responss tide F (NPF), acts a the sugar-responsive, incetin-like hormone in the fut i, Drosophia fever mosauito Aedes aegypri The crystal tructure of the Nobo proten of A.aegypt (AeNobo) complexed with the molecular_genelic_ovidence thal. CA-projecting energy esources toward oogenesis (Wheeler, 2003), s b e e b U g e e
enzymes ible for is encoded by  Asp-113 is essential for 17B-estradiol-mediated inhibition of which is required for puberty, implying an yusuke-niwa@tara.tsukub: to envil cues remains poorly understood. Here we report ‘ha( efferent octopaminergic melanogaster. Secreted NPF is received by NPF receptor in the corpora cardiaca and in insulin- flavonoids and its molecular dynamics simulation revealed that Glu113 forms a hydrogen bond with the flavonoid peptidergic neurons play an essential role in regulating  reproductive (hapauge allows them to reduce their energy consumption an adaptive phenomenon, as female insects generally need to lay aspects of oogenesis "m an adaptive response ;0 protein-rich

Halloween genes were identified and genetically and biochemi-

DmNobo enzymatic activity, as 17B-estradiol did not inhibit

neurons projecting to the ovary are essential for germline stem cell (GSC) increase in response to

inhibitors. Consistent with this observation, substitution of Glu113 with Ala drastically reduced the inhibitory activity

reproductive dormancy by suppressing JH biosynthesis.

¢ ° ey N ; W PTTH analogous role in growth and maturation. Present address: "MRC Clinical producing cells. NPF-NPFR signalling resulted in the suppression of the glucagon-like hor- A and then resume reproduction under more favorable conditions. large numbers of large eggs after mating, despite small body sizes. ~ protein or protein-poor diets (4).

cally characterized. However, the tertiary structures of these and physically interacted less with the D113A DmNobo variant. : e Sciences Centre, Imperial mating in female Drosophila. The neuronal activity of the octopaminergic neurons is required for mone production and the enhancement of the insulinike peptide secretion, eventually of the flavonoids against AeNobo. Among the identified flavonoid-type inhibitors, desmethylglycitein (4',6,7-trihy- Reproductive diapause in insects is regulated by a complex To discover mechanisms that have evolved to tightly couple 0o- On the other hand, these flies consume not only proteins from

proteins have not yet been characterized. Here, we report the  Asp-113 is highly conserved among Nobo proteins, but not | PG ecdysteroid College London, Hammersmith  Mating-induced GSC increase as they relay the mating signal from sex peptide receptor-positive et i § e . droxyisoflavone) exhibited the highest inhibitory activity in vitro. Moreover, the inhibitory activities of the flavonoids interplay between multiple hormones and neurotransmitters enesis to nutrient availability and mating stimuli, the fruit fly, Dro-  yeast growing on fruits but also many other nutrients, including
ults of an integrated series of in silico, in vitro, and in vi ther GSTs, implying that this residue is important f = g g ity 5 2 | ol promoting lipid anabolism. Similar to the loss of incretin function in mammals, loss of midgut rrelated with the larvicidal activity, as desmethylglycitei ressed A tilarval devel t more efficientls Degree Programs in Life and Earth Sciences, Graduate School of Science and " X v Y 8 > 2 s 8 2 % ST o8
results of an integrated series of in silico, in vitro, and in vivo  among other GSTs, implying that this residue is important for 3 instar larva production Campus, London, United cholinergic neurons. Octopamine and its recsptor Oamb are also required for mating-induced GSC NPEled 1oy lmificant: métabalic b Fwpershasia correlated with the larvicidal activity, as desmethylglycitein suppressed Ae. aegypti larval development more efficiently Technology, Universiy of Tsukuba, Tennodai 1-i-1, Teukuba, Ioaraki 3058572,  (Denlinger, 2022; Denlinger et al., 2012; Kurogi et al,, 2021). sophila melanogaster, serves as an excellent model (1, 4). In D.  dietary sugars. In addition, about 65% of the carbon in the germline
ly f the GST protein Noppera-bo (Nobo). We Nobo function. Indeed, a homozygous nobo allele Kingdom increase via intracellular Ca2* signaling. Mo,em,e,' we identified Matrix metalloproteinase-2 as a g y ,» hyperphagia, than daidzein, .Tlapar\b'Gdeuanc SLh‘m‘)\ $r Life and Enwroanunécg;\;ucmcs U{mvscrsnyo - Among these, reduction in the titer of juvenile hormone (JH), an melanogaster, a mated adult female lays approximately 40 to 60 is derived from sugars (13). However, few studies have examined

. - . ; ¥ s § 5 ) . uba, 1-1-1, Tsukuba, Ioaraki 305-8572, Japan. °L ter ; i iddi = o i : : ;

crystal f Drosophil Nobo  with the D113A substitution exhibited embryonic lethality and T o— of the 2* signaling to induce GSC increase. Our study and hypoglycaemia. These results suggest that enteroendocrine hormones regulate sugar Conclusion: Our study demonstrates the mode of action of flavonoids on the Ae. aegypti Nobo protein at the atomic, for Survival Dynamics, Tsukuba Advanced Research Allance (TARA), Unversfy o insect-specific sesquiterpenoid hormone (Qu etal., 2018; Riddiford, eggs per day under favorable nutritional conditions, which is equiv- ~ whether dietary sugars are required for oogenesis. Very recent

(DmNobo) complexed with GSH and 17-estradiol, a DmNobo
inhibitor. 17B-Estradiol almost fully occupied the putative
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R.N.) and by the Basis for Supporting Innovative Drug Discovery and Life
Science Research from Japan Agency for Medical Research and Develop-

an undifferentiated cuticle structure, a phenocopy of complete
loss-of-function nobo homozygotes. These results suggest that
the nobo family of GST proteins has acquired a unique amino
acid residue that appears to be essential for binding an endoge-
nous sterol substrate to regulate ecdysteroid biosynthesis. To
the best of our knowledge, oursis the first study describing the
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provides a mechanism describing how neurona system couples stem cell behavior to environmental
cues through stem cell niche signaling.

Introduction

dependent metabolism through glucagon-like and insulin-like hormones not only in mammals
but also in insects.

enzymatic, and organismal levels,

Keywords: Aedes aegypti, Ecdysone, Ecdysteroid, Flavonoid, Glutathione S-transferase, Insect growth regulator,
Insecticide, Mosquito, Noppera-bo

Background

Tsukuba, Tennodai 1-1-1, Tsukuba, Ibaraki 305-8577, Japan. “Department of
Biological Sciences and BS|, Florida Interational University, 11200 SW 8th street,
Miami, FL 33199, USA. °Institute of Parasitology, Biology Center of the Academy of
Sciences of the Czech Republic, 37005, Ceské Bud&jovice, Czech Republic.
€Faculty of Life and Environmental Sciences, University of Tsukuba, Tennodai
1-1-1, Tsukuba, Ibaraki 305-8572, Japan. ‘Division of Liberal Arts and Sciences,
Aichi Gakuin University, 12 Araike, Iwasaki-cho, Nisshin, Aichi 470-0195, Japan.
“Department of Biological Science and Technology, Faculty of Advanced

2020), has been extensively studied, revealing its vital role in
regulating reproductive diapause in female adult insects (Kurogi
etal, 2021). As JHs are essential for promoting vitellogenesis under
non-diapause-inducing conditions, a reduction in hemolymph JH
levels is required for suppressing vitellogenesis, lcading to
reproductive diapause in females (Denlinger et al., 2012; Santos

alent to 30 to 50% of its body weight. Because oogenesis is such an
energy-intensive process, even a few days of poor nutrition slow di-
vision of germline stem cells (GSCs) and cyst cells, suppressing vi-
tellogenesis (1, 4). Mating also accelerates multiple steps of
oogenesis, including the increase in GSC numbers (5, 6). Moreover,
female feeding behavior is related to mating, which enhances food

studies have shed light on the effect of dietary sugars on germline
development in D. melanogaster (14, 15). Similar to the effect of
amino acid deprivation, deprivation of dietary carbohydrates for
females reduces ovary size, compared to normal carbohydrate
feeding, leading to a drastic decrease in the number of eggs laid.
In addition, another study has shown that enzymes regulating

ment (AMED) Grant Number 18am0101113j0002 (to R. N.). In addition, this ~ Structural ics of insect Published: 20 October 2020 Animal tissues are built from cells originally derived from stem cells (Spradling et al., 2001). During Moititos fachtas vestor Totriany. infscticiisydisoises Engineering, Tokyo University of Science, Nijuku 6-3-1, Katsushika-ku, Tokyo etal,, 2019). In many insect species, the reduction of hemolymph JH intake to ensure allocation of energy for egg production in D. mel-  glucose consumption and cytosolic acetyl-coenzyme A production
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Life Science Research (Platform for Drug Discovery, Informatics, and Struc-
tural Life Science) from Japan Agency for Medical Research and Develop-
ment, The authors declare that they have no conflcts of interest with the
contents of this article.

% Author’s Choice—Final version open access under the terms of the Creative
Commons CC-BY license.

This article contains Figs. S1-512, Tables $1-55, and Movies S1and 52.

 These authors contributed equally to this work.

*Recipient of a Postgraduate Research Student fellowship from High Energy
Accelerator Research Organization.

* Present address: Dept. of Environmental | Parasitclogy, Graduate School of

ecdysteroid biosynthesis.

Ecdysteroids play pivotal roles in regulating many aspects of
and physi in arthropods, including insects

(1, 2). Because ecdysteroids do not exist naturally in animals
other than arthropods, it has been long thought that molecules
involved in is, secretion, ci ion, and

stage with CrzR expression

regulating systemic growth

Octopamine neurons contact with Crz neurons in the SEZ,

MIT, United States
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integrity and lead to deleterious diseases. Previous studies have revealed that many types of stem
cells reside in a specialized microenvironment, or niche, where they are exposed to local signals
required for their function and identity (Morrison and Spradling, 2008; Spradling et al., 2001).
Recently, researchers have demonstrated how stem cell activity is regulated by tissue-extrinsic sig-
nals, such as hormones and neurotransmitters. For instance, in mammals, hematopoietic stem cells,
mammary stem cells, muscle stem cells, and neural stem cells are influenced by sex hormones such
as estrogen (Asselin-Labat et al., 2010; Bramble et al., 2019; Kim et al., 2016; Nakada et al.,
2014). Retinoic acid and thyroid hormone play essential roles in the differentiation of testicular stem
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epitomized by the spread of malaria [1]. Despite decades
of intensive research, the effective and sustainable man-
agement of mosquito vector populations remains a dif-
ficult challenge [2, 3]. Among vector mosquito species,
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(Denlinger et al., 2012; Hand et al., 2016; Kurogi et al., 2021).
Previous studies have demonstrated that surgical amputation of the
nervous connection between the brain and the CA impairs the
induction of reproductive diapause (Hodkova, 1976; Kotaki and
Yagi, 1989). These observations suggest the presence of a

of signal by which about
unf‘avumblc environmental conditions is processed in the brain and
to the CA to reduce JH biosynthesis.

in D. melanogaster, most studies have focused on protein, because
dietary protein has a major impact on oogenesis (4, 9, 10). Previous
studies have reported that nutritional conditions without dietary
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crucial to maintain a high level of egg production. However, com-
pared to protein-dependent regulation of oogenesis, the influence of
dietary sugars on oogenesis is still little known.

Here, we report a neuroendocrine mechanism by which dietary
sugars notably influence an increase in GSCs after mating in female
D. melanogaster. We have previously reported that a mating-
induced GSC increase requires the action of multiple neuroendo-
crine humoral factors (6), including the midgut enteroendocrine
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bodies in the anterior midline of the brain (pars intercerebralis; PI),
project to the CA in the common ground-hopper (Zetrix undulata;
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