TR E R (A)
HECRBRAR ERSN-RREOH FHERD

Co-evolutionary Emergence of Extended Phenotypes

CEEP Newsletter

Vol. 1 No. 2 (2024)

=

Janelia Conference “Mechanisms of Inter-organismal
Extended Phenotypes” SN &



FHK Janelia ConferencelZS L T=fHIk AL X —T=8 LD L, PRI, (2R, T
JIL A Eh, B, R, BHA, =



(_I2) Janelia Conference “Mechanisms of Inter-organismal Extended Phenotypes™ @
U7 P ANED I T A A=Y

(F)ZMEEEEE
HEE TV T 3 Janelia Conferences D E 2 LD



EPA

Janelia Conference “Mechanisms of Inter-organismal Extended Phenotypes” ~DZ D #%

FHRNIZONT (£ W 1
Co-evolutionary Emergence of Extended Phenotypes Takema Fukatsu 4

Maternally transmitted male-killing symbionts in insects: biological diversity, mechanisms, and

evolutionary significance Daisuke Kageyama 5

Mechanistic bases of male killing caused by insect microbial symbionts

Toshiyuki Harumoto 6

Screening and characterization of the putative host factors for executing behavioral

manipulation by baculovirus Ryuhei Kokusho 7

Manipulation of plant morphology by gall-forming social aphids
Mayako Kutsukake 8

The distribution pattern of male-killing factor Oscar homologs across lepidopteran-associated

Wolbachia strain Tomohiro Muro 9

Brain manipulation of mammalian host by intracellular parasite, Toxoplasma gondii

Yoshifumi Nishikawa 10

Venom proteins of the endoparasitoid wasp Asobara japonica ensure successful parasitism by

manipulating the host Drosophila imaginal disc development ~ Ryusuke Niwa 11

Proximate mechanisms and evolution of nematomorph-driven behavioral manipulation of

mantids Takuya Sato 12

Janelia Conference ZNE0 = BK 13



Janelia Conference “Mechanisms of Inter-organismal Extended
Phenotypes” ~DSMDFREERIZTDOINT

RIS (PEZR AR B SERT)

SLERR SR, 2024 4 6 A 2 H~5 BICKEAR—Y =T MWICHTEST ST —Rba—
REFWFRFT O Y RV TV —FF v RXATRES L0, 282 R — IR TH
DY, Y PATAS BEAEI I L FR B AR S R S R B D4y T BEREAR A | S IZIE TR
DA T rOb L RO H72BENSEH I F T ARBSNb D TH D, By
DFRIESCEBICBIT DY v ru=0T 41, LIEUIREBIRO SEEE LW K01, e LAHTR
DHERLIA T R OERIZ IV MR AT DL D TH D, FLT=H OWF R EIR S F B A7
BSOS, ESICHEES LD TH AT EDIFEE N> TENAS), HH NFT YR T
Y —FF v AIZFTJE D Senior Group Leader @ David Stern T#H 252, KB A REAX;
DFLEMET 77 L3 OELARE TR Z B OI0IZ, 77 T L3 ORI AEF ARG
EINBTavay N EOBLRAEFORAIFIIERL, TEEET 7 7L EFL T
I3 FIBARFRC B S AR I BT LV DIE DRSS ZH DI 2 ThD, Iz TR R
BEA 7 7 ANT T AL DM DTERETE AL 3 R O FE CRIDND T a - AR
A% H#—0D Saskia Hogenhout!®l, /3% o1 /L A2 XA H 4 s OF TEh R ERFEIZ B
VAT Y —5 =25 K% 0D Vera Rosl4l, Z L TIUC L 200 RR BT HRE 2 BT &35
KENLT LV —JGHENFSEFT O Eric CalvolBl3 A E R # A L7z (B 1),

B 1: REOHHO T IR DA — T AP —~DOHMEEAT AR, fefs B ORAIFFHEF L L Tl
DN D OBH O RIEREHR LR L TN ZE~DEHOEZ IR ~DE | ST RERAFITOENT,
B &3 Prof. Sophien Kamoun (Sainsbury Univ., UK) DMf-E 2L D,

1



FhnlE 2023 4F 8 H 25 HIZIREID T 721D E A—/V72o72, “Mechanisms of
Inter-organismal Extended Phenotypes” &9 4 [E RS A BT 5D THEREHEZL T
HOHIIRNONEVHIRETHD,

] 2:Janelia Conference JV) DIRFFEHEKFEA—/L,

YRF OB, %F‘ﬁﬁﬁf@zﬁﬁ%qﬂ;b ICHEEEZ LD | FINA LI (A) ICHEELTZD
DD, FIZeT Vo TIED DNEINOBAL K TR W THh o7, L75>L}:9ﬁﬂ>ﬂ
FHDOEKOO ST LA E LB OB E TRESNA R BEEOERESZHET

2



D, FBFRERHA G 2 225N TH D, ZOSEICSINT UL, BEMESBFICBITD
HROBURD T N THUHE TEHITEO R, FOME TN _ETII RV SV KT DS
RED A0, ZOREIEIT 9 7 26 FICET V7 R RBFFEMEBICIERE SN &)@ RN IY
SIHRDEE RO, 2024 4 1 HWIEIOSINHIA - B R OREIE T, FHEMFEARER
B ORE Dy ISBIR GkZ F 2720 B SE RIS DH A 03 20 SN Hl ik
ST DD WFFEEOEFMGEE 2 4 ZIRIET HZETRIGL IREMNIETEIR DR 1525
TSI I EERARE RIEE B L OFE 2D TR B M EL LT, 32T L TR
ZeEiEk [ LR B AT SR SR BU O 53 T RSB 1 IERBUZ =D | 2024 4F 6
H Bt Janelia Conference (23N TLL FD AL N—RBNN, BEEZIBI/RHZLETHARID
BIFHHH T v =7k “Co-evolutionary Emergence of Extended Phenotypes” D% J¢ % it
FUZIT TRIE T DL TE, IRELIEICHERE T LR T D,
FAFPRh T RS (PEARAIT)
REE S HENIIPN TR0 2008 719
INAZ =38 MR TR (R | VNS (P ISR PER) . AU (RAERR) | A HHE
- (PERAIE) . PRI (BT R) | BIAEFE: R R) | SRR RRK)

A 751 Janelia Conference “Mechanisms of Inter-organismal Extended Phenotypes” /I
LU T REBRSHEOMEIT OV TSR, RE T 5D THD, 274 Conference D
websitel135 L TN agendal®ld, - CTE BN =72 X720,

References

[1] https://www.janelia.org/you-janelia/conferences/mechanisms-of-inter-organismal-

extended-phenotypes

[2] https://www.]janelia.org/people/david-stern

[3] https://www.jic.ac.uk/people/saskia-hogenhout/

[4] https://www.wur.nl/en/persons/vera-ros-1.htm

[5] https://www.niaid.nih.gov/research/eric-calvo-phd
[6] https://www.dropbox.com/scl/fi/2ei0cz]l whrmhs76me33yj/Janeclia-2024-Extended-
Phenotypes-Conf-AGENDA .pdf?rlkey=wf6hcwb6yezo9ledeirucdxso7&dI=0



https://www.janelia.org/you-janelia/conferences/mechanisms-of-inter-organismal-extended-phenotypes
https://www.janelia.org/you-janelia/conferences/mechanisms-of-inter-organismal-extended-phenotypes
https://www.janelia.org/people/david-stern
https://www.jic.ac.uk/people/saskia-hogenhout/
https://www.wur.nl/en/persons/vera-ros-1.htm
https://www.niaid.nih.gov/research/eric-calvo-phd
https://www.dropbox.com/scl/fi/2ei0cz1whrmhs76me33yj/Janelia-2024-Extended-Phenotypes-Conf-AGENDA.pdf?rlkey=wf6hcw6yezo9le4eiruc4xso7&dl=0
https://www.dropbox.com/scl/fi/2ei0cz1whrmhs76me33yj/Janelia-2024-Extended-Phenotypes-Conf-AGENDA.pdf?rlkey=wf6hcw6yezo9le4eiruc4xso7&dl=0

Takema Fukatsu
National Institute of Advanced Industrial Science and Technology (AIST)

Co-evolutionary Emergence of Extended Phenotypes
Takema Fukatsu

In nature, intimate inter-organismal interactions often entail “extended phenotypes”, where
genetic information of an organism is expressed as phenotypes of another organism. Such
“extended phenotypes” are particularly common in coevolutionary interactions across closely
associated organisms as observed in endoparasitism/endosymbiosis. The drastic phenotypes
emerging via close inter-organismal interactions have attracted profound interest of scientists
as well as general public. However, molecular mechanisms underlying the “extended
phenotypes” have been poorly understood in most cases. This is mainly because such
phenomena are mostly found among interactions between non-model organisms. Recent
technological advancement, represented by high-throughput DNA sequencing, RNA-seq, MS-
driven omics, CRISPR-Cas9 genome editing, etc., has enabled us to overcome these
conventional difficulties. Here I overview recent advancement in understanding of molecular
mechanisms underpinning “behavioral manipulation”, “reproductive manipulation”,
“morphological manipulation”, “developmental manipulation” and “symbiotic phenotype
alteration” achieved by Japanese researchers, and introduce our “Co-evolutionary Emergence
of Extended Phenotypes” project.



Daisuke Kageyama
National Agriculture and Food Research Organization

Maternally transmitted male-killing symbionts in insects: biological

diversity, mechanisms, and evolutionary significance
Kageyama, D., Nagamine, K., Harumoto, T., Watada, M., Shintani, Y., Herran, B., Sugimoto,
T.N., Arai, H., Hayashi, M., Hornett, E.A. and Hurst, G.D.D.

In insects, various vertically transmitted symbionts reside in the cytoplasm. Because they are
transmitted exclusively by females, males are a dead end for the cytoplasmic symbionts. To
circumvent this problem, some symbionts manipulate host reproduction in several ways, such
as cytoplasmic incompatibility, feminization, thelytokous parthenogenesis, and male killing.
Among them, male killing is employed by the most diverse symbionts. Here we show (1) our
attempt to investigate the mechanism of male killing by using male insect cell culture, (2)
recent discoveries of male-killing viruses from distantly related taxa, and (3) the rapid spread
of host suppressors against male killing, which may trigger an evolutionary arms race
between symbionts and hosts.



Toshiyuki Harumoto
Kyoto University

Mechanistic bases of male killing caused by insect microbial symbionts
Harumoto, T.

About half of all insects on earth are estimated to have some symbiotic microorganisms
within their bodies. Such symbiosis underpins the survival and prosperity of insects, for
instance, by provisioning essential nutrients as well as providing resistance against their
enemies. Meanwhile, some symbionts selfishly manipulate host reproduction to spread their
infection within the host population. We have been studying the symbiotic microorganisms of
Drosophila species, whose infection selectively kills male progeny during development. This
phenotype, known as male killing, has been well known to be widespread in insect-bacterial
symbiosis; however, recent studies have identified symbiotic viruses that cause male killing in
some insect taxa.

In the first part of this presentation, I would like to summarize our current mechanistic
understanding of male killing induced by Spiroplasma, a bacterial symbiont of D.
melanogaster, especially focusing on the action mechanism of a male-killing toxin Spaid.
Next, we will focus on a novel male-killing factor recently discovered from a viral symbiont
of D. biauraria (belonging to the family Partitiviridae) and will introduce our efforts on
elucidating how the viral protein selectively reduces the survival of male offspring. Together,
we highlight the commonality and difference of the underlying molecular mechanisms of
male killing, which are evolved in distinct microbial symbionts associated with closely related
host insect species.



Ryuhei Kokusho
University of Tokyo

Screening and characterization of the putative host factors for executing

behavioral manipulation by baculovirus
Kokusho, R. and Katsuma, S.

Pathogens and parasites sometimes manipulate host behavior to enhance progeny production
or dispersal. Baculovirus is a classic pathogen whose infection causes abnormal behaviors
(locomotor hyperactivity and climbing behavior) of host caterpillars — known as
“Wipfelkrankheit” from over 100 years ago. Although some baculoviral genes have been
identified as critical factors for manipulating host behavior, it is largely unknown which host
gene plays a significant role in executing these virus-induced abnormal behaviors. We used
Bombyx mori nucleopolyhedrovirus (BmNPV) and its host, Bombyx mori (the domesticated
silkworm), as the model system to identify host gene(s) for executing baculovirus-induced
behaviors. RNA-seq analysis using brains from uninfected and BmNPV-infected B. mori
larvae identified 56 differentially expressed genes (DEGs) that were significantly up- or
down-regulated only in the brains of locomotor-hyperactivated larvae. Of these, the
expression changes of 13 DEGs were verified by RT-qPCR analysis using another set of time-
course brain samples. To examine whether these DEGs are involved in inducing locomotor
hyperactivity, we generated recombinant BmNPVs expressing downregulated DEGs and
those expressing antisense RNA of up-regulated DEGs for attenuating the DEG expression
changes. The locomotor assay revealed that when infected with the BmNPV expressing
antisense RNA of an up-regulated DEG (here named as T3upl), B. mori larvae showed lower
locomotor activity than those infected with the control BmNPV. This result suggests that
T3upl is a strong candidate host gene for executing locomotor hyperactivity. T3upl is a
lepidopteran-specific gene whose protein product has a signal peptide but no putative
conserved domains. T3upl expression was low in the brains of feeding-stage larvae, whereas
it increased at the wandering stage. This implies that BmNPV hijacks the host’s wandering
machinery for activating locomotion. We are now examining neuroanatomical characteristics
of T3upl-expressing cells.



Mayako Kutsukake
National Institute of Advanced Industrial Science and Technology (AIST)

Manipulation of plant morphology by gall-forming social aphids
Kutsukake, M. and Fukatsu, T.

The galls provide inducer insects with an isolated and exclusive habitat, a constant and high
quality food supply and a physical barrier against predators and parasites. Interestingly, gall
morphology is characteristic and diverse depending on insect species, but it remains stable
and reproducible within a species, suggesting that gall formation is precisely controlled by
genetic factors in inducer insects. Therefore, the morphological traits of the galls are often
regarded as the “extended phenotypes” of the inducer insects.

Here, we will present several intriguing cases from our findings of sophisticated insect-plant
interactions related to gall-forming social aphids. In the social aphid Nipponaphis monzeni,
when the gall is damaged, altruistic individuals known as soldiers promptly repair the hole on
the gall wall by discharging and plastering their body fluid. Subsequently, the soldiers
continuously stimulate the wound site around the breach, leading to the proliferation and
regeneration of plant tissue, ultimately restoring the inner gall wall. This phenomenon
represents one of the most sophisticated plant-insect interactions in a social context. We will
show another study regarding a novel plant phenotype to solve a waste problem in completely
closed galls. N. monzeni forms completely closed galls containing over 2,000 individuals, but
surprisingly, no accumulation of honeydew is observed in the gall. We found that honeydew is
absorbed by the inner gall wall and this property is determined by aphids, which can be
regarded as extended phenotype and ‘indirect social behavior’ of the social aphids. Recently,
to gain insight into the molecular mechanisms of gall formation, we are focusing on
Ceratovacuna nekoashi, whose banana-shaped galls exhibit an intriguing phenomenon known
as “late flowers” originating from failed galls. While much remains to be explored, we would
like to present some results obtained from field experiments and transcriptome analyses
conducted so far.



Tomohiro Muro
University of Tokyo

The distribution pattern of male-killing factor Oscar homologs across

lepidopteran-associated Wolbachia strains
Muro, T., Matsuda-Imai, N. and Katsuma, S.

Wolbachia is one of the most widespread endosymbionts found in arthropods and nematodes.
To facilitate infection prevalence through maternal transmission, Wolbachia induces several
types of reproductive manipulations to its hosts. Male killing, one of such reproductive
manipulations, is known for some coleopteran, dipteran, and lepidopteran insects, where male
progenies are selectively killed in Wolbachia-infected lineages. Recently, Oscar was identified
from wFur strain Wolbachia as a responsible factor for male killing in a crambid moth
Ostrinia furnacalis. Here, we surveyed a distribution pattern of Oscar homologs across
publicly available Wolbachia genome sequences as well as in-house generated genome
assemblies. Besides previously reported strains (male-killing strains in Ostrinia, Homona, or
Hypolimnas moths/butterflies), at least 3 lepidopteran-associated strains were found to
possess Oscar homologs. Altogether, Oscar homologs were identified in Wolbachia strains
derived from 3 lepidopteran superfamilies: Tortricoidea, Papilionoidea, and Pyraloidea.
Additionally, we found that a strain other than lepidopteran-associated ones has an apparently
truncated copy of Oscar. The strains with Oscar homologs did not necessarily form a cluster
phylogenetically, indicating a possible horizontal gene transfer among distant strains. These
results characterize the evolutionary property of Oscar genes in Wolbachia endosymbionts.



Yoshifumi Nishikawa
Obihiro University of Agriculture and Veterinary Medicine

Brain manipulation of mammalian host by intracellular parasite,

Toxoplasma gondii
Nishikawa, Y.

Many parasitic organisms have distinctive life cycles, and one of their unique parasitic
strategies is the phenomenon of host manipulation. Our research focuses on Toxoplasma
gondii as a host-manipulating parasite. Toxoplasma is a commensal intracellular parasitic
protozoan that uses felines as its definitive host and most of warm-blooded animals including
humans as intermediate hosts. It is estimated that about one-third of the world's population is
infected with T. gondii, making it the most successfully spread pathogen. When 7. gondii
infects an intermediate host, it migrates into the brain and muscles of that host, eventually
forming dormant cysts and establishing chronic infection. Dormant parasites are not
pathogenic in hosts with normal immune systems, but can sustain infection for the lifetime of
the host. Because chronic Toxoplasma infections rarely show clinical signs, the effects of
infection on the central nervous system have been neglected. However, studies in recent
decades have reported that chronic Toxoplasma infection increases the risk of developing
human psychiatric disorders and alters rodent behavior. However, mechanism of brain
manipulation by 7. gondii is largely unknown.

Therefore, we established a mouse model of toxoplasmosis and analyzed behavioral changes
in hosts during the acute, chronic, and reactivation phases of infection. In mice during the
acute and reactivation phases of infection, the appearance of core symptoms of "depression"
dependent on activation of the kynurenine pathway was observed. On the other hand, in
chronically infected mice, abnormal neurotransmitter production and neuronal dysfunction in
the brain were inferred, and impairment of the ability to fix fear memories was confirmed.
These results suggest that T. gondii infection disrupts the central nervous system. Future
detailed studies will elucidate Toxoplasma's parasitic strategy and reveal the true significance
of host manipulation by this parasite.
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Ryusuke Niwa
University of Tsukuba

Venom proteins of the endoparasitoid wasp Asobara japonica ensure
successful parasitism by manipulating the host Drosophila imaginal disc

development
Kamiyama, T, Shimada-Niwa, Y, Tani, N., Takasu, A., Mori, H., Senda, T., Nakamura, A., and
Niwa, R.

Parasitoid wasps, one of the most diverse groups of animals, are hymenopteran insects that
develop inside or on the bodies of host organisms and ultimately kill them. Among the wasps,
a group of endoparasitoid wasps inject various venoms to manipulate the host’s development
and physiology to achieve successful parasitism. However, the molecular mechanisms of
venom-induced host manipulation at the molecular and cellular level remain largely
unexplored. To address this issue, we use Asobara japonica, a Braconidae endoparasitoid
wasp, and the host species Drosophila as a model for endoparasitoid wasp-host interaction.
The adult wasp injects a single egg along with venoms into the larval body of the host
Drosophila. The wasp larva preys on its host body only after the host becomes a pupa.
Eventually, the adult wasp emerges from the host fly pupal case.

We found that 4. japonica’s venom, when injected into the host Drosophila, rapidly induces
imaginal disc degeneration (IDD), mediated by apoptosis, autophagy, and inhibition of cell
proliferation. In contrast to IDD, other tissues appeared intact. To identify the responsible
venom components, we performed whole-genome sequencing of 4. japonica [Kamiyama et
al. DNA Res. 2022]. Transcriptomics, proteomics, and comparative genomics approaches
allowed us to narrow down 63 candidate genes that are predominantly expressed in the A.
Jjaponica venom gland. We then assessed these candidates by double-stranded RNA injection-
based gene knockdown. We eventually identified two candidate venom genes, both of which
encode novel secretory proteins. RNAI of either of these two venom genes almost completely
abrogated the venom-induced apoptosis, autophagy, and inhibition of cell proliferation in the
host imaginal discs, thus significantly suppressing IDD. Notably, the RNAi wasps exhibited a
lower parasitism success rate than the control wasps. Our study highlights a novel hijack
strategy of the endoparasitoid wasp, contributing to successful parasitism by manipulating
host metamorphosis.
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Takuya Sato
Kyoto University

Proximate mechanisms and evolution of nematomorph-driven behavioral

manipulation of mantids
Sato, T., Mishina, T., Chiu, M-C., Iwatani, Y., Okada, R., Hashiguchi, Y., Takeshima, H. and
Sakura, M.

A wide range of parasites manipulate the behaviours of their hosts in order to complete their
life cycle, in a well-known example of the “extended phenotype”. Recent studies have
explored the proximate and ultimate mechanisms of such manipulation of host behavior,
including potential molecular mechanisms and their genome evolution. However, we still
have very few empirical examples to fully understand the behavioral manipulation by
parasites.

Nematomorph parasites have evolved the ability to induce their terrestrial insect hosts to enter
bodies of water, where the parasite reproduces. This is one of the most fascinating examples
of the extended phenotype of parasites, but the key mechanisms triggering the hosts' entry
into water have long been wrapped in mystery. A previous report argued that parasite-induced
positive phototaxis can increase the encounter rate of hosts and water bodies. However,
luminous environments are ubiquitous in nature, and thus a simple alteration of the response
to light intensity may not be sufficient for hosts to effectively find water. The reflection of
sunlight from water bodies is horizontally polarized, which is used by many arthropods to
seek out water habitats. In this talk, we will first show our experiments demonstrating that the
induced positive polarotaxis explained entering water of a mantid host infected by a
nematomorph parasite. We then present our recent discovery that a nematomorph has many
genes likely acquired by horizontal gene transfer (HGT) from its mantid hosts, and that the
candidate HGT-derived genes were frequently up-regulated during the behavioral
manipulation. It is currently unclear whether and how these many candidate HGT-derived
genes cause behavioral manipulations, including induced polarotaxis. However, our findings
provide a new avenue of research focusing on the general role of HGT-derived genes in the
molecular mechanisms of host manipulation, as well as in the genome evolution of
manipulative parasites.
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