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Endosymbionts, microorganisms that live inside the body or cells of host organisms, are
widespread in eukaryotes, serving as important resources for evolutionary innovation
for hosts. Aphids (Hemiptera; Sternorrhyncha; Aphidoidea) are plant sap-sucking
insects with over 5,000 species. Almost all aphid species harbor the obligate mutualistic
endosymbiont Buchnera aphidicola, which provides essential amino acids and vitamins
to the host. While Buchnera genomes have experienced significant reductions down to
~0.6 Mb with ~600 protein-coding genes, they retain genes involved in the biosynthesis
of essential nutrients for the host. Buchnera constitutes a monophyletic group in the y-
Proteobacteria and the molecular phylogenies of Buchnera and aphids are strictly
congruent, suggesting a single original infection in the common ancestor of aphid
species. In addition to Buchnera, aphids are often associated with facultative symbionts,
which are not essential but can contribute to host fitness and phenotypes. Furthermore,
co-obligate symbioses, where multiple species of symbionts are essential for host
survival, have been found in several aphid lineages. However, the evolution of multi-
partner symbiotic systems is not well-established.

In this study, I focused on the woolly aphid, Ceratovacuna japonica (Aphididae;
Hormaphidinae; Cerataphidini) as a new model aphid, because Cerataphidini, the clade
includes Ce. japonica, possesses biologically interesting characteristics, such as a

complex life cycle, gall formation, and eusociality, which are not accessible with



precedent model aphids (e.g. the pea aphid). First, I established isofemale strains of Ce.
japonica and the laboratory culturing system. In my rearing system, Ce. japonica is
easy to maintain on the bamboo grass in the laboratory and produces soldiers throughout
the year. My 16S ribosomal DNA amplicon sequencing uncovered co-infection with
three bacteria in Ce. japonica, Arsenophonus, Hamiltonella, and Buchnera, a common
obligate endosymbiont in aphids. Flow cytometry estimated the genome size of Ce.
japonica into 662.9 Mb, which is the largest among sequenced aphid genomes.

I next report my discovery of a co-obligate symbiosis in Ce. japonica. My 16S
rDNA amplicon sequencing with multiple natural populations unveiled consistent co-
infection with a novel Arsenophonus-related symbiont and Buchnera. Both symbionts
were housed within distinct bacteriocytes and were maternally transmitted. The
Buchnera and Arsenophonus-related symbiont had streamlined genomes of 432,286 bp
and 853,149 bp, respectively, and exhibited metabolic complementarity in riboflavin
and peptidoglycan synthesis pathways. These anatomical and genomic properties were
similar to those of independently evolved multi-partner symbiotic systems, such as
Buchnera—Serratia in Lachninae and Periphyllus aphids, representing remarkable
parallelism. My study provides the first example of co-obligate symbiosis in
Hormaphidinae and gives insight into the evolutionary genetics of this complex system.

To understand the origin of the Arsenophonus-related symbiont of Ce. japonica, 1
analyzed bacterial communities of six Hormaphidinae species including three tribes,
Hormaphidini, Nipponaphidini, and Cerataphidini. My 16S rDNA amplicon sequencing
analysis showed that three of four Cerataphidini aphids were infected with
Arsenophonus in addition to Buchnera, as observed in Ce. japonica. In contrast, one
Hormaphidini and one Nipponaphidini species were infected with only Buchnera,
suggesting that the establishment of an intimate association with Arsenophonus has
occurred in the lineage leading to Cerataphidini after the divergence from the common

ancestor of Hormaphidinae. Reconstructing the phylogenetic trees including four



Arsenophonus-related symbionts in Cerataphidini showed that the Arsenophonus of Ce.
japonica belonged to distinct groups from those of other Cerataphidini species. This
suggests that the novel Arsenophonus species has replaced the ancient Arsenophonus
symbionts in Ce. japonica.

The eusocial aphid Ce. japonica provides a good opportunity to study the roles of
symbiosis in eusociality. I observed the status of the bacterial symbionts and
bacteriomes between normal and soldier nymphs of Ce. japonica. Quantitative PCR
analyses indicated that soldiers of Ce. japonica harbor a significantly lower amount of
both endosymbionts than normal nymphs. In addition, histological analyses showed the
malformed bacteriomes and smaller bacterial symbionts in size in soldiers. These results
suggest that the symbiotic association is depressed in soldiers of Ce. japonica. The
mechanisms and biological significance of caste-dependent symbiosis in social insects
are intriguing subjects for future exploration.

In summary, I established a new model insect Ce. japonica to understand the
molecular mechanisms and evolutionary processes underlying a complex life cycle, gall
formation, eusociality, and co-obligate symbiosis. By using this model, I revealed
dynamic evolution of co-obligate symbiosis in aphids and found different status of
symbiosis between social castes. Ce. japonica is a promising model that would provide
good opportunities to study the roles of symbiosis in eusociality and the multi-layered

biological interactions among insects, plants, and bacterial symbionts.
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