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Microbiome analyses of 12 psyllid species ==

of the family Psyllidae identified various bacteria
including Fukatsuia and Serratia symbiotica,
known as secondary symbionts of aphids

Atsushi Nakabachi'?"®, Hiromitsu Inoue® and Yuu Hirose?

Abstract

Background: Psyllids (Hemiptera: Psylloidea) comprise a group of plant sap-sucking insects that includes important
agricultural pests. They have close associations not only with plant pathogens, but also with various microbes, includ-
ing obligate mutualists and facultative symbionts. Recent studies are revealing that interactions among such bacterial
populations are important for psyllid biology and host plant pathology. In the present study, to obtain further insight
into the ecological and evolutionary behaviors of bacteria in Psylloidea, we analyzed the microbiomes of 12 psyllid
species belonging to the family Psyllidae (11 from Psyllinae and one from Macrocorsinae), using high-throughput
amplicon sequencing of the 16S rRNA gene.

Results: The analysis showed that all 12 psyllids have the primary symbiont, Candidatus Carsonella ruddii (Gam-
maproteobacteria: Oceanospirillales), and at least one secondary symbiont. The majority of the secondary symbionts
were gammaproteobacteria, especially those of the family Enterobacteriaceae (order: Enterobacteriales). Among
them, symbionts belonging to “endosymbionts3’, which is a genus-level monophyletic group assigned by the SILVA
rRNA database, were the most prevalent and were found in 9 of 11 Psyllinae species. Ca. Fukatsuia symbiotica and
Serratia symbiotica, which were recognized only as secondary symbionts of aphids, were also identified. In addition to
other Enterobacteriaceae bacteria, including Arsenophonus, Sodalis, and “endosymbionts2’, which is another genus-
level clade, Pseudomonas (Pseudomonadales: Pseudomonadaceae) and Diplorickettsia (Diplorickettsiales: Diplorick-
ettsiaceae) were identified. Regarding Alphaproteobacteria, the potential plant pathogen Ca. Liberibacter europaeus
(Rhizobiales: Rhizobiaceae) was detected for the first time in Anomoneura mori (Psyllinae), a mulberry pest. Wolbachia
(Rickettsiales: Anaplasmataceae) and Rickettsia (Rickettsiales: Rickettsiaceae), plausible host reproduction manipulators
that are potential tools to control pest insects, were also detected.

Conclusions: The present study identified various bacterial symbionts including previously unexpected lineages in
psyllids, suggesting considerable interspecific transfer of arthropod symbionts. The findings provide deeper insights
into the evolution of interactions among insects, bacteria, and plants, which may be exploited to facilitate the control
of pest psyllids in the future.
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Background

Jumping plant lice or psyllids (Hemiptera: Sternorrhyn-
cha: Psylloidea) are plant sap-sucking insects compris-
ing about 4000 described species in the world [1, 2].
As with other sternorrhynchan insects [3-5], psyllids
feed exclusively on phloem sap throughout their life [1,
2, 6]. Due to this feeding habit, some species transmit
plant pathogens, including Candidatus Liberibacter
spp. (Alphaproteobacteria: Rhizobiales) and Ca. Phyto-
plasma spp. (Bacilli: Acholeplasmatales), which makes
them notorious agricultural or horticultural pests [7—
9]. Also, as the phloem sap diet is deficient in nutri-
ents including essential amino acids and some vitamins
[10-12], psyllids depend on vertically transmitted bac-
terial mutualists to compensate for the nutritional defi-
ciency. They typically harbor two distinct symbionts
[13-31] within a specialized abdominal organ called
the bacteriome [32]. The ‘primary symbiont, assumed
to be present in all psyllid species [13-16, 18-31, 33—
35], is Ca. Carsonella ruddii (Gammaproteobacteria:
Oceanospirillales) [33], which provides the host with
essential amino acids [21, 22, 31, 35]. Molecular phy-
logenetic analyses demonstrated cospeciation between
psyllids and Carsonella, resulting from a single acqui-
sition of a Carsonella ancestor by a psyllid common
ancestor and its stable vertical transmission since then
[16, 19, 25, 33, 34]. Another bacterial lineage harbored
in the bacteriome is categorized as a ‘secondary sym-
biont! The secondary symbionts are phylogenetically
diverse among psyllid species and genera, suggesting
repeated infections and replacements during the evo-
lution of Psylloidea [14, 16, 17, 19, 21, 24, 25, 27, 28].
Although secondary symbionts in various insect hosts
range from parasites to mutualists [36—44], those in the
psyllid bacteriome appear consistently to have obligate
mutualistic features like the primary symbionts [21, 22,
24-26, 28, 31]. Because such features are characteristic
of nutritional symbionts [36, 45—53], secondary symbi-
onts in the psyllid bacteriome are generally believed to
have a nutritional basis [19, 26, 28, 29], as confirmed in
Ctenarytaina eucalypti (Aphalaridae: Spondyliaspidi-
nae) and Heteropsylla cubana (Psyllidae: Ciriacremi-
nae) [21]. A unique exception is Ca. Profftella armatura
(Gammaproteobacteria: Burkholderiales) found in
psyllids of the genus Diaphorina (Psyllidae: Diapho-
rininae) [22, 30, 31, 54], whose main role appears to be
protection of the holobiont (host 4+ symbionts) from
natural enemies [22, 31, 55-57]. In addition to these

bacteriome-associated obligate mutualists, psyllids
may harbor various secondary symbionts of a faculta-
tive nature, including Wolbachia (Alphaproteobacteria:
Rickettsiales), Rickettsia (Alphaproteobacteria: Rickett-
siales), Rickettsiella (Gammaproteobacteria: Diplorick-
ettsiales), and Diplorickettsia (Gammaproteobacteria:
Diplorickettsiales), which can cause systemic infection
in the host insects [19-21, 23, 24, 26, 28, 29]. Moreover,
recent studies are revealing that interactions among
psyllid bacterial populations, including those associ-
ated with the bacteriome, facultative symbionts, and
plant pathogens, are important for psyllid biology and
host plant pathology [58—62]. Thus, elucidating micro-
biomes of various psyllid lineages, which reflect the
ecological and evolutionary behaviors of bacterial pop-
ulations in Psylloidea, would guide strategies to better
control pest species.

According to the definition recently revised by
Burckhardt et al. [2], psyllids are classified into seven
extant families: Aphalaridae, Calophyidae, Carsidari-
dae, Liviidae, Mastigimatidae, Psyllidae, and Triozi-
dae. Among them, Psyllidae is the most species-rich
family (1381 species), whose largest constituent is the
subfamily Psyllinae (795 species) [63]. Whereas several
high-throughput amplicon-sequencing analyses have
been performed on psyllid microbiomes, the target
psyllids were biased toward the two most devastating
pests Diaphorina citri (Psyllidae: Diaphorininae) and
Bactericera cockerelli (Triozidae) as well as Aphalari-
dae species [23, 24, 27-30, 64—66]. Although recently
published study analyzed psyllids from five families,
the analysis was based on clustering sequences with a
similarity threshold of 97%, resulting in a lower resolu-
tion [67]. In the present study, Illumina sequencing of
16S rRNA genes followed by resolving sequence vari-
ants down to the level of single-nucleotide differences
was performed to assess the microbiomes of 12 Psyl-
lidae species collected in Japan, focusing especially
on Psyllinae (Table 1). Whereas these psyllids include
agricultural pests (Anomoneura mori for the mulberry;
Cacopsylla biwa for the loquat; Cacopsylla burckhardti
and Cacopsylla jukyungi for the pear; and Cacops-
ylla coccinea for the akebi), none are known to vec-
tor plant pathogens. However, some other Cacopsylla
spp. transmit phytoplasmas [7], and recent analyses
have detected potentially pathogenic microbes from
unexpected psyllid species [29, 30, 67]. Thus, the pre-
sent study was performed to elucidate the ecological
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Species Subfamily Sampling site Collection date  Host plant

Anomoneura mori Schwarz Psyllinae Banshoin, Izuhara, Tsushima City, 28/05/2013 Morus sp. (Moraceae)
Nagasaki Pref, Tsushima Isls, Japan

Cacopsylla biwa Inoue Psyllinae Ikuna, Katsuura, Tokushima Pref,, 27/11/2013 Eriobotrya japonica (Rosaceae)
Shikoku, Japan

Cacopsylla burckhardti Luo et al. Psyllinae Shimoichida, Takamori, Nagano Pref,  23/05/2012 Pyrus calleryana (Rosaceae)
Honshu, Japan

Cacopsylla coccinea (Kuwayama) Psyllinae Hayasaki, Kuchinotsu-ché, Mina- 08/04/2015 Akebia quinata (Lardizabalaceae)
mishimabara City, Nagasaki Pref,,
Kyushu, Japan

Cacopsylla fatsiae (Jensen) Psyllinae Mt. Kadoyama, Fukuregi, Amakusa 26/05/2015 Fatsia japonica (Araliaceae)
City, Kumamoto Pref, Amakusa-
shimoshima Is., Kyushu, Japan

Cacopsylla jukyungi (Kwon) Psyllinae Taniguchi, Minamihata, Imari City, 10/08/2011 Pyrus pyrifolia var. culta (Rosaceae)
Saga Pref, Kyushu, Japan

Cacopsylla kiushuensis (Kuwayama) Psyllinae Nodahama, Kazusa-ché, Minam- 30/04/2015 Elaeagnus pungens (Elaeagnaceae)
ishimabara City, Nagasaki Pref,
Kyushu, Japan

Cacopsylla peninsularis (Kwon) Psyllinae Notdge, Saigawa-hobashira, Miyako-  20/05/2015 Sorbus japonica (Rosaceae)
machi, Fukuoka Pref, Kyushu, Japan

Cacopsylla satsumensis (Kuwayama) Psyllinae Kotsufukae, Reihoku-machi, Kuma- 09/04/2015 Rhaphiolepis indica var. umbellata
moto Pref, Amakusa-shimoshima Is., (Rosaceae)
Kyushu, Japan

Cyamophila hexastigma (Horvath) Psyllinae Jozankei Dam, Sapporo City, Hok- 12/06/2013 Maackia amurensis (Fabaceae)
kaido, Japan

Psylla morimotoi Miyatake Psyllinae Ooi, Shinano, Nagano Pref,, Honshu, 16/06/2008 Prunus grayana (Rosacae)
Japan

Epiacizzia kuwayamai (Crawford) Macrocorsinae  Koba, Obama-ch6, Unzen City, Naga-  30/04/2015 Neolitsea sericea (Lauraceae)

saki Pref, Kyushu, Japan

and evolutionary behaviors of various bacteria in psyl-
lids, aiming to facilitate better pest management in the
future.

Results and discussion

All 12 Psyllidae species have Carsonella and at least one
other symbiont

MiSeq sequencing of the amplicon libraries yielded
46,568-73,470 pairs of forward and reverse reads for the
12 psyllid species (Supplementary Table 1). Denoising
and joining of the paired-end reads along with removal
of low-quality or chimeric reads resulted in 37,901—
63,866 non-chimeric high-quality reads (Supplemen-
tary Table 1). Dereplication of these reads resulted in
207 independent sequence variants (SVs), among which
only 43 SVs accounted for > 1% of the total reads (Supple-
mentary Table 2). We focused on these 43 SVs, because
the targets of the present study were relatively abundant
symbionts with close association with the host psyl-
lids, and filtering with the threshold of 1% was shown
to be among the most effective and accurate methods to
remove potential contaminants derived from environ-
ments and experimental reagents [68]. SVs with a relative
abundance of less than 1% are collectively categorized as

‘others’ in Fig. 1, which correspond to 0.16 — 3.56% reads
in total in each psyllid species (Supplementary Table 2).
Notably simple bacterial communities like these have
been reported for sternorrhynchan insects with bacteri-
omes, including aphids, whiteflies, and other psyllid spe-
cies [24, 28, 30, 37, 64—66, 69]. All the SVs with a relative
abundance of greater than 1% were highly similar to the
sequences that were reported to be of insect symbionts
(see below). Taxonomic classification by QIIME2 (Sup-
plementary Table 2) followed by independent BLAST
searches and phylogenetic analyses showed that all the
12 psyllid species possess distinct lineages of Carsonella
(Fig. 1). Because Carsonella has been repeatedly shown
to be cospecified with host psyllids [16, 19, 25, 33, 34],
the phylogenetic relationship of Carsonella is assumed to
be useful to infer that of the host psyllids. In the maxi-
mum likelihood (ML) tree, the Carsonella sequences
from Psyllinae species formed a clade with those of
psyllids belonging to the subfamily Ciriacreminae, and
the sequence from Epiacizzia kuwayamai formed an
independent clade with those of Aphalaroidinae spe-
cies (Fig. 2). The exclusion of E. kuwayamai from Psyl-
linae is consistent with the current classification of this
species to the subfamily Macrocorsinae. However, these
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Fig. 1 Composition of bacterial populations in psyllids of the family Psyllidae. Relative abundances of lllumina reads belonging to assigned

bacterial taxa are shown

Carsonella
Pseudomonas
Endosymbionts2
Endosymbionts3
Arsenophonus
Sodalis

Serratia
Fukatsuia
Ambiguous Enterobacteriaceae
Diplorickettsia
Liberibacter
Wolbachia
Rickettsia

others

clades were only poorly supported by bootstrap values
(47% for the E. kuwayamai-Aphalaroidinae clade and
39% for the Psyllinae-Ciriacreminae clade), requiring
further studies to clarify the phylogenetic position of E.
kuwayamai. Besides, the SVs from eight Cacopsylla spe-
cies did not form a clade (Fig. 2), implying their poly-
phyly as presumed by Burckhardt et al. [2]. However, this
branching pattern also lacked robust statistical support

(<50%). Two types each of Carsonella sequences were
detected in Cacopsylla peninsularis and Psylla morimo-
toi (Fig. 1, Supplementary Table 2). In C. peninsularis,
SV19 and SV29 were 99.8% identical (Supplementary
Table 2) and formed a clade supported by a bootstrap
value of 71% (Fig. 2). SV32 and SV42 from P. morimotoi
were also 99.8% identical (Supplementary Table 2), form-
ing a clade supported by a bootstrap value of 97% (Fig. 2).

(See figure on next page.)

Fig. 2 Maximum likelihood phylogram of Carsonella. A total of 427 aligned nucleotide sites of 165 rRNA genes were subjected to the analysis.

On each branch, bootstrap support values of > 50% are shown. Designations other than those for outgroups refer to psyllid hosts. Families and
subfamilies (if applicable) of the host psyllids are shown in brackets. Sequences from this study are shown in bold. DDBJ/EMBL/GenBank accession
numbers for sequences are provided in parentheses. The sequence from E. kuwayamai is highlighted in red. The bar represents nucleotide
substitutions per position. The outgroups were Ca. Portiera aleyrodidarum; the primary symbiont of the whitefly Bemisia tabaci (Hemiptera:
Sternorrhyncha: Aleyrodoidea), and a gammaproteobacterium symbiont of the weevil Metapocyrtus yonagunianus (Coleoptera: Curculionidae)
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58]

98|SV5 Anomoneura mori [Psyllidae: Psyllinae]
Anomoneura mori AEM98 [Psyllidae: Psyllinae] (AB013086)
Cacopsylla pyri AEMOO [Psyllidae: Psyllinae] (AF211131)
Cacopsylla myrthi AEMOO [Psyllidae: Psyllinae] (AF211129)
L—-8V3 Cacopsylla burckhardti [Psyllidae: Psyllinae]

r— SV23 Cyamophila hexastigma [Psyllidae: Psyllinae]
L 8V15 Cacopsylla fatsiae [Psyllidae: Psyllinae]
SV6 Cacopsylla kiushuensis [Psyllidae: Psyllinae]
E SV17 Cacopsylla satsumensis [Psyllidae: Psyllinae]
Cacopsylla pyricola IMBO1 [Psyllidae: Psyllinae] (AF286118)
r Cacopsylla brunneipennis AEMOO [Psyllidae: Psyllinae] (AF243138)
 SV10 Cacopsylla jukyungi [Psyllidae: Psyllinae]
SV19 Cacopsylla peninsularis [Psyllidae: Psyllinae]
SV29 Cacopsylla peninsularis [Psyllidae: Psyllinae]
Cacopsylla peregrina AEMOO [Psyllidae: Psyllinae] (AF211130)
SV32 Psylla morimotoi [Psyllidae: Psyllinae]
971 Sv42 Psylla morimotoi [Psyllidae: Psyllinae]
SV13 Cacopsylla coccinea [Psyllidae: Psyllinae]
- SV24 Cacopsylla biwa [Psyllidae: Psyllinae]
Heteropsylla cubana MBE12 [Psyllidae: Ciriacreminae] (CP003543)
Heteropsylla texana MBE12 [Psyllidae: Ciriacreminae] (CP003544)
Spanioneura fonscolombii AEMOO [Psyllidae: Psyllinae] (AF211149)
L— Psylla buxi AEMOO [Psyllidae: Psyllinae] (AF211146)
L— Arytaina genistae AEMOO [Psyllidae: Psyllinae] (AF243136)
Psylla floccosa IMBO1 [Psyllidae: Psyllinae] (AF286117)

82,

(39)

SV18 Epiacizzi: y i [Psyllidae: Macrocorsinae]

) Panisopelma sp. AEMOO [Psyllidae: Aphalaroidinae] (AF211145)
Panisopelma fulvescens AEMOO [Psyllidae: Aphalaroidinae] (AF211144)
Russelliana intermedia AEMOO [Psyllidae: Aphalaroidinae] (AF211148)

Acizzia uncatoides AEMOO [Psyllidae: Acizziinae] (AF211123)

Diaphorina cf. continua [Liviidae: Euphyllurinae] (TAAA01000002)

549Dgiaphorina citri [Liviidae: Euphyllurinae] (CP003467)

3

Diaphorina citri Florida [Liviidae: Euphyllurinae] (EF450250)
Diaphorina lycii [Liviidae: Euphyllurinae] (TAAA01000003)

Diaphorina lycii Thao unpublished [Liviidae: Euphyllurinae] (AF280097)
Neotriozella hirsuta AEMOO [Triozidae] (AF211140)

Cecidotrioza sozanica IMB01 [Triozidae] (AF286120)

Trioza eugeniae AEMOO [Triozidae] (AF211151)

Trioza magnoliae MBE98 [Triozidae] (AF077604)

Bactericera cockerelli AEMOO [Triozidae] (AF211126)

7Bactericera trigonica Katsir unpublished [Triozidae] (CP024798)

L Trioza urticae AEMOO [Triozidae] (AF211152)

Calophya schini AEMOO [Calophyidae: Calophyinae] (AF211132)

Aphaiaroida inermis AEMOO [Psyllidae: Aphalaroidinae] (AF211125)

Glycaspis brimblecombei AEMOO [Aphalaridae: Spondyliaspidinae] (AF211137)
Blastopsylla occidentalis MBE98 [Aphalaridae: Spondyliaspidina] (AF077605)
Cardiaspina maniformis Microbiome17 [Aphalaridae: Spondyliaspidinae] (KY427942)
Boreioglycaspis melaleucae AEMOO [Aphalaridae: Spondyliaspidinae] (AF211128)
Ctenarytaina eucalypti MBE12 [Aphalaridae: Spondyliaspidinae] (CP003541)
Ctenarytaina spatulata MBE12 [Aphalaridae: Spondyliaspidinae] (CP003542)
Ctenarytaina longicauda AEMO0O [Aphalaridae: Spondyliaspidinae] (AF211134)
Tainarys sordida AEMOO [Aphalaridae: Rhinocolinae] (AF211150)

100 | Mycopsylla fici Fromont unpublished [Homotomidae: Macrohomotominae] (KT273280)
Mycopsylla proxima Fromont unpublished [Homotomidae: Macrohomotominae] (KT273279)
Aphalara longicaudata AEMOO [Aphalaridae: Aphalarinae] (AF243137)

Protyora sterculiae Microbiome17 [Carsidaridae] (KY427941)

achypsylla pallida AEMOO [Aphalaridae: Pachypsyllinae] (AF211142)

100 P
80
89 Pachypsylla celtidismamma IMBO1 [Aphalaridae: Pachypsyllinae] (AF286122)
Pachypsylla venusta Science06 [Aphalaridae: Pachypsyllinae] (AP009180)

Ca. Portiera aleyrodidarum [Bemisia tabaci (whitefly)] (AF400453)

-

Gammaproteobacterium symbiont [Metapocyrtus yonagunianus (weevil)] (LC014980)

Fig. 2 (Seelegend on previous page.)
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These may reflect sequence variations in each lineage of
Carsonella. Although we cannot exclude the possibil-
ity that they are artifacts due to polymerase chain reac-
tion (PCR)/sequencing errors, the latter seems less likely
because the dada2 plugin corrects sequencing errors dur-
ing the denoising process [70, 71]. Some previous studies
that analyzed psyllid microbiomes using ‘universal prim-
ers’ detected only a trace amount of Carsonella reads
[27-29, 64, 66, 67]; however, the present study, which
used primers appropriately modified to improve sensitiv-
ity to highly AT-biased symbiont genes [21, 22, 31, 35],
detected a large percentage of Carsonella reads (Fig. 1,
Supplementary Table 2), which reflects actual popula-
tions more precisely [30].

Besides Carsonella, all 12 psyllids analyzed in the pre-
sent study possessed at least one other symbiont (Fig. 1).

Various Enterobacteriaceae bacteria reside in Psyllidae

Of the 43 SVs obtained in the present study, 39 cor-
responded to gammaproteobacteria, among which 22
belonged to the family Enterobacteriaceae (order Entero-
bacteriales) (Supplementary Table 2). Enterobacteriaceae
is a group of bacteria that encompasses an especially
large fraction of intimate insect symbionts, including
those associated with the bacteriome [36, 46]. Enterobac-
teriaceae bacteria identified in the present study include
Arsenophonus, Fukatsuia, Serratia, Sodalis, endosym-
bionts2, and endosymbionts3. Among them, the most
prevalent was endosymbionts3, which is a genus-level
monophyletic group of endosymbionts assigned by the
SILVA rRNA database project [72].

Prevalent endosymbionts3

Ten SVs corresponding to distinct lineages of endosym-
bionts3 were detected in 9 of 11 Psyllinae species (Fig. 1,
Supplementary Table 2). Namely, one SV each for endo-
symbionts3 was observed in Anomoneura mori (SVO:
42.9% of the total denoised reads in A. mori), Cacops-
ylla biwa (SV1: 70.5% of the C. biwa reads), Cacopsylla
coccinea (SV4: 56.1% of the C. coccinea reads), Cacops-
ylla jukyungi (SV16: 32.8% of the C. jukyungi reads),
Cacopsylla kiushuensis (SV25: 22.5% of the C. kiush-
uensis reads), Cacopsylla peninsularis (SV26: 22.4% of
the C. peninsularis reads), Cacopsylla satsumensis (SV8:
61.5% of the C. satsumensis reads), and Cyamophila
hexastigma (SV2: 65.9% of the Cy. hexastigma reads).

Page 6 of 21

Two SVs corresponding to endosymbionts3, which may
reflect sequence variations, were detected in Cacopsylla
fatsiae (SV11 and SV22: 42.4 and 24.9%, respectively,
of the C. fatsia reads). These SVs were 93.4% (SV2 vs
SV11)—99.8% (SV11 vs SV22) identical to one another.
SV9 was 100% identical to the ‘Y-symbiont’ sequence
of A. mori (AB013087), which was previously detected
via cloning methods [15]. The other nine SVs were
96.2% —97.7% identical to the sequences of the “Arse-
nophonus” symbionts of Cacopsylla pyricola (Psyllidae:
Psyllinae) (KX077196) and the bat fly Trichobius caecus
(Diptera: Streblidae) (DQ314768) [73]. These sequences
formed a moderately supported clade (bootstrap: 57%)
in the ML tree (Fig. 3). Although these references were
named “Arsenophonus’, they were only 84.3% —87.7%
identical to the sequence of the type species Arsenopho-
nus nasoniae (CP038613) [74], and were excluded from
the robustly supported clade (bootstrap: 100%) formed
by Arsenophonus nasoniae, Ca. Arsenophonus triatomi-
narum, and SV27, assigned as Arsenophonus by QIIME2
in the present study (see below) (Fig. 3). Moreover, this
Arsenophonus nasoniae clade formed a strongly sup-
ported clade (bootstrap: 96%) with other well-known
insect symbionts, including Fukatsuia, Hamiltonella,
Regiella, and Serratia, excluding the clade of endosymbi-
onts3 (Fig. 3). These findings may suggest reconsideration
of the naming of “Arsenophonus” symbionts that clus-
tered with the endosymbionts3 bacteria. Although little
is known about the functions of endosymbionts3-type
symbionts [72], the prevalence among analyzed psyllids,
high abundance of corresponding reads within each psyl-
lid, and relatively low G+ C% (<50%) of the reads (Fig. 1,
Supplementary Table 2) suggest that endosymbionts3 are
ancient bacteriome-associated secondary symbionts in
these psyllid lineages, which potentially complement the
partially deficient functions of Carsonella.

Arsenophonus symbiont

In addition to Carsonella and an endosymbionts3 bac-
terium, Arsenophonus was observed in C. jukyungi
(Fig. 1). Specifically, QIIME2 assigned SV27, which was
derived from 20.0% of denoised C. jukyungi reads (Sup-
plementary Table 2), to Arsenophonus. SV27 was 99.5%
identical to the sequence of Arsenophonus symbionts of
a wide variety of insects, including other psyllid species,
Cardiaspina tenuitela (Aphalaridae: Spondyliaspidinae)

(See figure on next page.)

Fig. 3 Maximum likelihood phylogram of bacteria belonging to Enterobacteriaceae. A total of 428 unambiguously aligned nucleotide sites of 16S
rRNA genes were subjected to the analysis. On each branch, bootstrap support values of >50% are shown. The scale bar indicates substitutions per
site. For symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in blue. Symbionts of psyllids
are shown in red. Sequences from this study are shown in bold. DDBJ/EMBL/GenBank accession numbers are provided in parentheses. Carsonella

was used as an outgroup
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(KY428657) and Glycaspis brimblecombei (Aphalaridae:
Spondyliaspidinae) (EU043378) [25, 28]. It was 99.3%
identical to Arsenophonus nasoniae (CP038613), the
type species of Arsenophonus found in the parasitoid
wasp Nasonia vitripennis (Hymenoptera: Pteromali-
dae), and 98.4% identical to Ca. Arsenophonus triatomi-
narum (DQ508185) found in the assassin bug Triatoma
rubrofasciata (Hemiptera: Reduviidae). As mentioned
above, SV27 formed a robustly supported clade (boot-
strap: 100%) with these Arsenophonus symbionts (Fig. 3).
Whereas Arsenophonus shows a wide range of associa-
tions from parasitic to obligately mutualistic to the host
insects [74, 75], its ecological role in psyllids is currently
unknown.

Detection of Ca. Fukatsuia symbiotica in psyllids

SV31, which was derived from 11.0% of denoised P. mori-
motoi reads, was 100% identical to Ca. Fukatsuia symbi-
otica (CP021659) of the pea aphid Acyrthosiphon pisum
(Hemiptera: Sternorrhyncha: Aphidoidea: Aphididae)
(Fig. 1, Supplementary Table 2). It was 99.3 and 98.6%
identical to Fukatsuia from other aphid species, Cinara
confinis (Aphididae) (LT600381) and Maculolachnus
submacula (Aphididae) (FJ655539), respectively. SV31
formed a robustly supported clade (bootstrap: 100%)
with these sequences in the ML tree (Fig. 3). To our
knowledge, this is the first formal report of Fukatsuia
detected in psyllids. Fukatsuia has only been recognized
as a secondary symbiont of aphids, with a wide variety of
reported roles, including pathogen, parasite, defensive
symbiont, and obligate nutritional symbiont [76]. The
recently revealed culturability of Fukatsuia [76] indicates
its ability to survive outside aphids, which would facili-
tate horizontal transfer to other insects, including psyl-
lids. It would be interesting to assess the prevalence and
functional role of Fukatsuia in Psylloidea.

Detection of Serratia symbiotica in psyllids

Six SVs found in C. coccinea corresponded to the
sequence of Serratia symbiotica, known as a prevalent
secondary symbiont of aphids. Namely, SV35, SV37,
SV38, SV39, SV40, and SV41, which accounted for 3.0,
2.0, 2.0, 2.0, 1.8, and 1.8% of the denoised C. coccinea
reads, respectively, were 98.8 — 99.8% identical to a sin-
gle sequence of S. symbiotica (AB522706) (Fig. 1, Sup-
plementary Table 2). This reference sequence was derived
from various aphid lineages, including Acyrthosiphon
pisum, Aphis fabae, Aphis gossypii, Cinara pinikoraiensis,
Cinara ponderosae, and Trama caudata (all Aphididae).
The SVs and S. symbiotica sequence from aphids formed
a robustly supported clade (bootstrap: 97%) in the ML
tree (Fig. 3). To our knowledge, this is the first formal
report of S. symbiotica or its close relative detected in

Page 8 of 21

psyllids, although there was a previous mention with
no concrete data [77]. These SVs were 98.4% (SV35 vs
SV41) — 99.8% (SV38 vs SV40) identical to one another.
The similarities both in nucleotide sequences and read
frequencies imply that the SVs correspond to multiple
copies of the 16S rRNA gene in a single S. symbiotica
genome. This is consistent with the fact that genomes of
several S. symbiotica strains encode more than a single
copy of the 16S rRNA gene [42, 43], which contrasts the
case of primary symbionts with an extremely streamlined
genome encoding only a single copy. Similar to Fukat-
suia, the ecological role of S. symbiotica is reported to be
widely varied depending on aphid lineages [43, 44]; how-
ever, its role in psyllids is currently unknown. Further
studies are required to assess this aspect. As Pons et al.
showed that S. symbiotica can enter plants and cause new
infection in aphids, host plants are likely media for intra-
and interspecific horizontal transmission of this bacte-
rium [77].

Sodalis symbionts and its relative

Sodalis endosymbionts were detected in C. burckhardti
and C. kiushuensis (Fig. 1, Supplementary Table 2). SV14,
which was derived from 30.5% of the C. burckhardti
reads, was 96.3% identical to the sequence of the type
species Sodalis glossinidius (AP008232), a secondary
symbiont of the tsetse fly Glossina morsitans (Diptera:
Glossinidae). The sequence was 96.7% identical to that of
Ca. Sodalis pierantonius (AF548137), the primary sym-
biont of the rice weevil Sitophilus oryzae (Coleoptera:
Curculionidae). The sequence was 95.6 — 97.9% identical
to those of Sodalis endosymbionts from various insects.
SV28, which was derived from 13.3% of the C. kiushuen-
sis reads, was 96.7% identical to the Sodalis glossinidius
sequence. It was 96.0% identical to the sequence of Ca.
Sodalis pierantonius, and 94.6 — 97.2% identical to those
of the above-mentioned Sodalis endosymbionts from
various insects. These sequences were clustered with
that of a Sodalis endosymbiont from another psyllid Car-
diaspina maniformis (Aphalaridae: Spondyliaspidinae)
(KY428659) [28] and SV34 (see below), whose branch-
ing pattern was moderately supported (bootstrap:75%)
(Fig. 3). Sodalis symbionts have been detected in a wide
variety of insects and are known to have replaced more
ancient predecessor symbionts in weevils (Coleoptera:
Curculionoidea) [78] and spittlebugs (Hemiptera: Cer-
copoidea) [79]. In this context, the distribution of the
Sodalis symbiont in Cacopsylla spp. may be of interest.
Whereas endosymbionts3 appear dominant (presumably
bacteriome-associated) secondary symbionts in Cacops-
ylla spp., C. kiushuensis additionally has a Sodalis symbi-
ont, and C. burckhardti has only Carsonella and Sodalis.
This might imply, though speculative, that replacement of
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endosymbionts3 by Sodalis is at initial stage in C. kiush-
uensis, and is completed in C. burckhardti.

Regarding SV34, which was derived from 6.1% of
denoised P morimotoi reads, QIIME?2 failed to assign a
genus-level taxonomy (Fig. 1, Supplementary Table 2).
The BLAST best hit of SV34 was Sodalis endosymbi-
ont of the psyllid Cardiaspina maniformis (Aphalaridae:
Spondyliaspidinae) (KY428659) [28]. These sequences
formed a cluster in the ML tree (Fig. 3). However, this
branching pattern was only poorly supported (bootstrap:
31%), and their sequence identity was 93.0%, which was
below the generally used arbitrary genus threshold of
94.5 — 95% [80, 81]. Thus, we refrained from assigning
this symbiont to a particular genus.

Putative endosymbionts2 symbiont

QIIME2 assigned SV21, which was derived from 31.1% of
denoised E. kuwayamai reads, to endosymbionts2 (Fig. 1,
Supplementary Table 2), another monophyletic group of
endosymbionts assigned by SILVA [72]. The BLAST best
hit of SV21 was a secondary endosymbiont of Cacopsylla
myrthi (AF263559) [17], but the sequence identity was
only 90.9%. SV21 branched basally to other Enterobacte-
riaceae bacteria in the ML tree (Fig. 3). It would be inter-
esting to assess the prevalence of endosymbionts2 in the
subfamily Macrocorsinae, in the context of the apparent
prevalence of endosymbionts3 among Psyllinae species
analyzed in the present study.

Psylla morimotoi has Pseudomonas and Diplorickettsia

Non-Enterobacteriales ~gammaproteobacteria  found
in the present study were Carsonella (Oceanospirilla-
les: Halomonadaceae) mentioned above, Pseudomonas
(Pseudomonadales: Pseudomonadaceae), and Diplorick-
ettsia (Diplorickettsiales: Diplorickettsiaceae); of these,
the latter two were detected from P. morimotoi. QIIME2
assigned SV12 and SV30, which were derived from 51.5
and 13.3% of denoised P morimotoi reads, respectively
(Fig. 1, Supplementary Table 2), to Pseudomonas. SV12
and SV30 shared 98.4% identity. SV12 was 100% identi-
cal to the sequences of various Pseudomonas strains,
including type strains for Pse. graminis (Y11150) and
Pse. rhizosphaerae (CP009533). SV30 was 99.5% identi-
cal to the sequence of the type strain of Pse. viridiflava
(NR_114482). Although Pseudomonas species have
been detected in various insects including psyllids, they
are largely believed to be transient associates [28]. In
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contrast to Enterobacteriaceae bacteria, many of which
have intimate and stable mutualistic relationships with
insect hosts, known examples of Pseudomonas with such
associations (vertically-transmitted endosymbionts pre-
sent in the host hemocoel or cells) are limited in rove
beetles (Coleoptera: Staphylinidae) [82] and the adelgid
Adelges tsugae (Hemiptera: Sternorrhyncha: Phyllox-
eroidea: Adelgidae) [83]. Although SV12 and SV30 were
not closely related to these symbionts (Fig. 4), the fact
that the majority (64.8%) of reads in P morimotoi corre-
sponded to Pseudomonas (Fig. 1, Supplementary Table 2)
implies that the Pseudomonas symbionts potentially play
important roles in this psyllid.

QIIME2 assigned SV36, which was derived from
3.7% of denoised P. morimotoi reads, to Diplorickettsia
(Fig. 1, Supplementary Table 2). SV36 was 99.3% identi-
cal to the sequence of Diplorickettsia massiliensis 20B
(NR_117407) detected in the European sheep tick Ixodes
ricinus (Arachnida: Acari: Ixodidae), 98.8% identical to
the sequence of Diplorickettsia sp. (TAAA01000010)
recently found in another psyllid species Diaphorina cf.
continua (Psyllidae: Diaphorininae) [30], 98.4% identi-
cal to that of Diplorickettsia sp. MSebKT1 (AB795342)
detected in a leathopper Macrosteles sexnotatus (Hemip-
tera: Auchenorrhyncha: Cicadellidae), and 98.1% iden-
tical to Diplorickettsia sp. NS15 (JN606082) found in
human nasal samples. Molecular phylogenetic analy-
sis showed that SV36 forms a well-supported clade
(bootstrap: 85%) with these Diplorickettsia spp. (Fig. 5).
Diplorickettsia massiliensis was observed in Ixodes rici-
nus and serum samples of human patients with suspected
tick-borne disease, suggesting that this bacterium is a
human pathogen [84, 85]. Subsequently, Diplorickettsia
lineages were unexpectedly found in two plant sap-suck-
ing hemipteran insects, M. sexnotatus collected in Japan
[86], and D. cf. continua collected in Corsica [30]. The
present study adds another example of Diplorickettsia.
These findings imply that Diplorickettsia is actually prev-
alent in various sap-sucking insects. Although their host
plants are not shared among M. sexnotatus (Poaceae and
Fabaceae), D. cf. continua (Thymelaeaceae), and P. mori-
motoi (Rosaceae), it would be worth assessing the possi-
bility that the plants are also infected with Diplorickettsia.
Diplorickettsia is closely related to the genus Rickettsiella
(Diplorickettsiales: Diplorickettsiaceae) (Fig. 5) compris-
ing intracellular bacteria associated with various arthro-
pods, including insects, arachnids, and isopods [19, 28].

(See figure on next page.)

Fig. 4 Maximum likelihood phylogram of Pseudomonas. A total of 427 unambiguously aligned nucleotide sites of 16S rRNA genes were subjected
to the analysis. On each branch, bootstrap support values of >50% are shown. The scale bar indicates substitutions per site. For symbiotic bacteria,
host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in blue. Sequences detected in the present study are
shown in bold red. DDBJ/EMBL/GenBank accession numbers are provided in parentheses. Carsonella was used as an outgroup
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Whereas many Rickettsiella spp. are simply pathogenic
to arthropods, Ca. Rickettsiella viridis [87] modifies the
body color of aphids, potentially affecting the attractive-
ness of insects to natural enemies [88]. As little is known
about the functions of Diplorickettsia in host arthropods,
it would be interesting to assess the physiological and
ecological effects of Diplorickettsia on psyllids.

First detection of Liberibacter in Anomoneura mori

The analysis detected Ca. Liberibacter europaeus (Alp-
haproteobacteria: Rhizobiales) for the first time in A.
mori, a sericultural pest that feeds on the mulberry plants
Morus spp. (Moraceae) (Fig. 1, Supplementary Table 2).
Namely, SV33, which was derived from 4.6% of denoised
A. mori reads, was 99.8% identical to the sequence of Ca.
Liberibacter europaeus previously detected in Cacopsylla
pyri (Psyllidae: Psyllinae) (FN678792) and Diaphorina cf.
continua (Psyllidae: Diaphorininae) (TAAA01000007)
[30]. Molecular phylogenetic analysis showed that these
sequences form a robustly supported clade (bootstrap:
96%) within Ca. Liberibacter spp. (Fig. 6).

The genus Liberibacter currently includes nine spe-
cies: Ca. L. asiaticus, Ca. L. americanus, and Ca. L. afri-
canus, which cause greening disease in citrus (Rutaceae)
[8, 89]; Ca. L. capsica, a potential pathogen of solana-
ceous plants [67]; Ca. L. caribbeanus found in citrus, but
with uncertain pathogenicity [90]; Ca. L. solanacearum,
which causes diseases in solanaceous and apiaceous
plants [91-94]; Ca. L. brunswickensis, a probable endo-
phyte of solanaceous plants [95]; L. crescens, which is
non-pathogenic and the only culturable species in the
genus [96]; and Ca. L. europaeus (CLeu) [97-99]. CLeu
was detected from various psyllids in various locations:
Cacopsylla spp. (Psyllidae: Psyllinae) in Italy and Hungary
(97, 98], Arytainilla spartiophila (Psyllidae: Psyllinae) in
New Zealand and the U.K. [99, 100], and D. cf. continua
(Psyllidae: Diaphorininae) in Corsica island [30]. CLeu
was also detected from rosaceous plants and the Scotch
broom Cytisus scoparius (Fabaceae), which are host
plants of Cacopsylla spp. and Ar. spartiophila, respec-
tively [97—-100]. Whereas the presence of CLeu is asso-
ciated with pathological symptoms in the Scotch broom
[99], no symptoms are known in rosaceous plants and
Thymelaea tartonraira (Thymelaeaceae), the probable
host plant of D. cf. continua [30]. The present study adds
another example of CLeu from another psyllid species,
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A. mori (Psyllidae: Psyllinae) in Japan. Because A. mori
is a pest species feeding on mulberry plants, it would be
interesting to assess if the host plants, which are distantly
related to previously known infected plants, are also
infected with CLeu and whether infection causes symp-
toms of disease.

It appears that Ca. Liberibacter lineages have evolved
in close association with Psylloidea, and all known vec-
tors for all Ca. Liberibacter spp. are psyllids [8, 30, 67,
89-91, 94, 95, 97-99]. In this context, the finding that
the fecundity and population growth rates of D. citri
harboring Ca. L. asiaticus are increased as compared
with uninfected insects [101] is particularly interesting.
This observed benefit may be an ecological driver for the
close association between Ca. Liberibacter spp. and psyl-
lids. Future studies should focus on assessing the general
applicability of this hypothesis to other Ca. Liberibacter-
psyllid combinations.

Two Wolbachia strains reside in four psyllid species
The analysis identified two SVs corresponding to dis-
tinct lineages of Wolbachia (Alphaproteobacteria: Rick-
ettsiales), which were previously detected in D. citri
and Diaphorina lycii [30]. SV7, which was derived from
11.1% of denoised C. biwa reads, 9.9% of denoised Cy.
hexastigma reads, and 31.1% of denoised E. kuwayamai
reads (Supplementary Table 2), was 100% identical to
the sequence of Wolbachia_iv previously identified in D.
citri (TAAA01000013) collected in Japan. The sequence
is also identical to those of Wolbachia detected in D.
citri from the US.A. and the whitefly Bemisia tabaci
(Hemiptera: Sternorrhyncha: Aleyrodoidea: Aleyrodi-
dae) from various locations in the Asia-Pacific region
[30]. SV43, derived from 1.1% of denoised P. morimotoi
reads (Supplementary Table 2), was 100% identical to the
sequence of Wolbachia_i previously identified in D. citri
and D. lycii (TAAA01000005) [30]. The sequence is also
identical to those of Wolbachia reported from the aphid
Cinara cedri collected in Israel [102], and various insects
in China, including the planthopper Nilaparvata lugens
(Hemiptera: Auchenorrhyncha: Delphacidae), and aphids
Phloeomyzus passerinii (Phloeomyzidae) and Cervaphis
quercus (Aphididae) [103].

Wolbachia are rickettsial bacteria distributed in a
wide variety of arthropods and nematodes [104—106],
whose strains are currently classified into supergroups

(See figure on next page.)

Fig. 5 Phylogenetic position of Diplorickettsia lineages inferred by the maximum likelihood method. A total of 427 unambiguously aligned
nucleotide sites of 165 rRNA genes were subjected to the analysis. On each branch, bootstrap support values of >50% are shown. The scale bar
indicates substitutions per site. For symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in
blue. Symbionts of psyllids are shown in red. The sequence from this study is shown in bold. DDBJ/EMBL/GenBank accession numbers are provided

in parentheses. Carsonella was used as an outgroup
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SV36 Diplorickettsia sp. [Psylla morimotoi (Psyllidae: Psyllinae)]

Diplorickettsia massiliensis 20B [Ixodes ricinus (tick)] (NR_117407)

62

Diplorickettsia sp. NS15 (JN606082)

[} Diplorickettsia sp. [Diaphorina cf. continua (Liviidae: Euphyllurinae)] (TAAA01000010)

Diplorickettsia sp. MSebKT1 [Macrosteles sexnotatus (leafhopper)] (AB795342)

Rickettsiella endosymbiont Ixotasmani1 [Ixodes tasmani (tick)] (KP994858)

Rickettsiella grylli [Gryllus bimaculatus (cricket)] (U97547)

- Ca. Rickettsiella viridis Ap-RA04 [Acyrthosiphon pisum (aphid)] (AP018005)

7

Rickettsiella symbiont [Asellus aquaticus (waterlouse)] (AY44704)

Rickettsiella melolonthae BBA1806/LAMG6-D/2004 [Melolontha spp. (beetle)] (EF408231)

Rickettsiella agriotidis JKI_E1959/09D [Agriotes sp. (beetle)] (HQ640943)

burnetii Heizberg [Ixodid tick] (CP014561)

. Carsonella ruddii [Anomoneura mori (Psyllidae: Psyllinae)]
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0.1 SV33 Ca. Liberibacter europaeus [Anomoneura mori (Psyllidae: Psyllinae)]

Ca. Liberibacter europaeus (TAAA01000007) [Diaphorina cf. continua (Liviidae: Euphyllurinae)]
99| = Ca. Liberibacter europaeus NR-01 (FN678792) [Cacopsylla pyri (Psyllidae: Psyllinae)]

96| ! Ca. Liberibacter europaeus Psy6/BrS (JX244258/JX244259) [Arytainilla spartiophila (Psyllidae: Psyllinae)]

— Ca. Liberibacter americanus Sao Paulo (NC_022793) [Diaphorina citri (Liviidae: Euphyllurinae)]

— Ca. Liberibacter solanacearum NZ083338 (EU935004) [Bactericera cockerelli (Triozidae)]

63

Ca. Liberibacter caribbeanus (KP012551) [Diaphorina citri (Liviidae: Euphyllurinae)]

r Ca. Liberibacter asiaticus_Ishi-1 (AP014595) [Diaphorina citri (Liviidae: Euphyllurinae)]

88
- Ca. Liberibacter africanus PTSAPSY (NZ_CP004021) [Trioza erytreae (Triozidae)]

80

Ca. Liberibacter brunswickensis Asol15 (KY077741) [Acizzia solanicola (Psyllidae: Acizziinae)]

L [ iberibacter crescens BT-1 (NC_019907)

Wolbachia pipientis A (EU096232) [Drosophila melanogaster]

Fig.6 Maximum likelihood phylogram of Liberibacter spp. A total of 402 unambiguously aligned nucleotide sites of 165 rRNA genes were subjected
to the analysis. On each branch, bootstrap support values of >50% are shown. Symbionts of psyllids are shown in red. The sequence from this study
is shown in bold. The host psyllids are shown in brackets. DDBJ/EMBL/GenBank accession numbers for sequences are provided in parentheses. The
scale bar represents nucleotide substitutions per position. Wolbachia was used as an outgroup

A-Q [107]. Whereas supergroups A and B are mono- analysis placed SV7 and SV43 detected in the present
phyletic and are the most common supergroups study in the robustly supported clade of Wolbachia
infecting arthropods, supergroups C and D infect supergroup B (bootstrap: 97%) (Fig. 7). The major-
nematodes. Supergroups E—Q are found in various ity of Wolbachia strains manipulate the reproduction
hosts, including nematodes, springtails, termites, fleas, of arthropod hosts through cytoplasmic incompat-
aphids, and mites [106]. The molecular phylogenetic ibility, feminization, male killing, and parthenogenesis

(See figure on next page.)

Fig. 7 Maximum likelihood phylogram of Wolbachia. A total of 402 unambiguously aligned nucleotide sites of 16S rRNA genes were subjected to
the analysis. On each branch, bootstrap support values of >50% are shown. Host organisms are shown in brackets. Symbionts of animals other than
psyllids are shown in blue. Symbionts of psyllids are shown in red. The sequence from this study is shown in bold. DDBJ/EMBL/GenBank accession
numbers for sequences are provided in parentheses. Supergroups of Wolbachia are shown in angle brackets. The scale bar represents nucleotide
substitutions per position. Liberibacter was used as an outgroup
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0.05 Wolbachia <A> [Drosophila melanogaster (fly)] (EU096232)

84
Wolbachia <A> [Drosophila simulans (fly)] (CP001391)

_ SV43 Wolbachia [Psylla morimotoi (Psyllidae: Psyllinae)]

= Wolbachia <B> [Diaphorina citrillycii (Lividae: Euphyllurinae)] (TAAA01000005)
72

Wolbachia <B> [Diaphorina cf. continua (Liviidae: Euphyllurinae)] (TAAA01000008)

57
Wolbachia <B> [Bactericera cockerelli (Triozidae)] (EF372596)

Wolbachia <B> [Drosophila simulans (fly)] (CP003883)

Wolbachia <B> [Tetranychus urticae (mite)] (EU499319)
B

9
| [ Wolbachia <B> [Diaphorina lycii (Liviidae: Euphyllurinae)] (TAAA01000011)

Wolbachia <B> [Nasonia vitripennis (parasitoid wasp)] (M84686)

27 woibachia <B> [Diaphorina citri (Liviidae: Euphyllurinae)] (EF433793)
82

SV7 Wolbachia [Cacopsylla biwa, Cyamophila hexastigma (Psyllidae: Psyllinae),
Epiacizzia kuwayamai (Psyllidae: Macrocorsinae)]
= Wolbachia <B> [Diaphorina citri (Liviidae: Euphyllurinae)] (TAAA01000013)

Wolbachia <B> [Armadillidium vulgare (woodlouse)] (AJ133196)
Wolbachia <C> [Dirofilaria immitis (nematode)] (Z49261)

Wolbachia <C> [Onchocerca volvulus (nematode)] (HG810405)

Wolbachia <J> [Dipetalonema gracile (nematode)] (AJ548802)
Wolbachia <D> [Brugia malayi (nematode)] (NR_074571)

Wolbachia <D> [Wuchereria bancrofti (nematode)] (AF093510)

Wolbachia <F> [Nasutitermes nigriceps (termite)] (DQ837204)
7{
Wolbachia <F> [Coptotermes acinaciformis (termite)] (DQ837197)

— Wolbachia <O> [Bemisia tabaci (whitefly)] (KF454771)

— Wolbachia <K> [Bryobia sp. (mite)] (EU499316)

<|: Wolbachia <I> [Orchopeas leucopus (flea)] (AY335924)
99

Wolbachia <I> [Ctenocephalides felis (flea)] (AY335923)

—— Wolbachia <L> [Radopholus similis (nematode)] (EU833482)

Wolbachia <E> [Folsomia candida (springtail)] (EU831094)

94
Wolbachia <E> [Mesaphorura italica (springtail)] (AJ575104)

Ca. Liberibacter asiaticus Ishi-1 (AP014595)

Fig. 7 (See legend on previous page.)
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to increase the prevalence of infected females in host
populations [104—106]. Due to this ability to boost dis-
semination, Wolbachia are recognized to be promising
agents to control insect pests by affecting their traits
or microbiomes, including pathogens therein [108,
109]. Because of the high infection rates of Wolbachia
in pest psyllids worldwide [18, 62, 66, 110-115], and
the suggested interactions between Wolbachia and
other symbionts [59-62, 116], the application of Wol-
bachia to control pest psyllids and/or plant pathogens
is anticipated [59, 62, 111, 113, 115]. The present study
suggests rampant horizontal transmissions of Wol-
bachia among various insect lineages, including pest
psyllids, implying the feasibility of artificial infection
and/or removal of Wolbachia in psyllids. Such tech-
niques would facilitate the exploitation of Wolbachia
as a tool to control pest psyllids and/or the plant path-
ogens they transmit.

Cacopsylla peninsularis has Rickettsia
The analysis detected Rickettsia sp. (Alphaproteobacteria:
Rickettsiales) in C. peninsularis. SV20, which was derived
from 31.4% of denoised C. peninsularis reads, was 99.5%
identical to the sequence of ‘Rickettsia endosymbiont’
found in various arthropods including the planthop-
per Nephotettix cincticeps (Delphacidae) (KU586121).
The sequence was 99.3 and 99.0% identical to ‘Rickett-
sia endosymbionts’ of the psyllids, Cacopsylla melanon-
eura (LR800105) and Chamaepsylla hartigii (LR800074)
(Psyllidae: Psyllinae), respectively. Similar sequences
were also detected from the drugstore beetle Stego-
bium paniceum (Coleoptera: Ptinidae) (JQ805029), the
booklouse Cerobasis guestfalica (Psocoptera: Trogiidae)
(DQ652596), the lacewing Chrysotropia ciliata (Neu-
roptera: Chrysopidae) (MF156626), and the whitefly B.
tabaci (MG063879). These sequences formed a well-sup-
ported clade (bootstrap: 87%) in the ML tree (Fig. 8).
Rickettsia is closely related to Wolbachia, both of
which belong to the order Rickettsiales. Similar to Wol-
bachia, some Rickettsia lineages cause reproductive
disorders in host insects, including male killing and
parthenogenesis [117, 118]. It would be worthwhile to
assess whether Rickettsia endosymbionts manipulate
the reproduction of psyllids, which will be potentially
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useful to exploit Rickettsia as a tool to control pest psyl-
lids and/or plant pathogens.

Conclusions

The present study found Ca. Fukatsuia symbiotica and
Serratia symbiotica, which were recognized as aphid
secondary symbionts, formally for the first time in
Psylloidea. The analysis also found the potential plant
pathogen, Ca. Liberibacter europaeus (Rhizobiales:
Rhizobiaceae), for the first time in a pest psyllid feeding
on the mulberry. Furthermore, Wolbachia and Rickettsia,
plausible host reproduction manipulators, were detected
among analyzed psyllids. The study also identified Arse-
nophonus, Sodalis, endosymbionts2, endosymbionts3,
Pseudomonas, and Diplorickettsia, a plausible human
pathogen. These findings suggest considerable interspe-
cific transfer of arthropod symbionts, providing deeper
insights into the evolution of interactions among insects,
bacteria, and plants. This may be exploited to facilitate
the control of pest psyllids with the aid of future studies
to determine the localization and genomic structure of
the identified bacteria.

Methods

Insects and DNA extraction

Adults of 12 psyllid species belonging to the family
Psyllidae were collected from several trees of each host
plant species in Japan (Table 1). Although most species
were selected from the subfamily Psyllinae, Epiacizzia
kuwayamai belongs to the subfamily Macrocorsinae [63].
We included this species because it originally belonged
to Psyllinae with the name Psylla kuwayamai and its
generic transfer from Psylla to Epiacizzia appeared to be
inconsistent with the morphological features [119]. Also,
whereas Burckhardt et al. recently proposed to transfer
Psylla morimotoi (Psyllinae) to the genus Spanioneura
(Psyllinae) based on its ecological features [2], the pre-
sent study refers to this species as is because its morpho-
logical features are more consistent with the definition of
Psylla (sensu stricto) [120, 121].

After surface sterilization with ethanol, DNA was
extracted from the whole bodies of pooled individuals
of five adult males and five adult females of each psyllid
species using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). The quality of the extracted DNA

(See figure on next page.)

Fig. 8 Maximum likelihood phylogram of Rickettsia. A total of 402 unambiguously aligned nucleotide sites of 165 rRNA genes were subjected to
the analysis. On each branch, bootstrap support values of >50% are shown. Host organisms are shown in brackets. Symbionts of animals other than
psyllids are shown in blue. Symbionts of psyllids are shown in red. The sequence from this study is shown in bold. DDBJ/EMBL/GenBank accession
numbers for sequences are provided in parentheses. The scale bar represents nucleotide substitutions per position. Wolbachia was used as an

outgroup
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87

__ Rickettsia endosymbiont [Cerobasis guestfalica (booklouse)]
(DQ652596)

| SV20 Rickettsia endosymbiont
[Cacopsylla peninsularis (Psyllidae: Psyllinae)]

Rickettsia endosymbiont [Cacopsylla melanoneura (Psyllidae: Psyllinae)]
(LR800105)

1 Rickettsia endosymbiont [Chamaepsylla hartigii (Psyllidae: Psyllinae)]
(LR800074)

— Ca. Rickettsia torix [Bemisia tabaci (whitefly)] (MG063879)

Rickettsia symbiont [Nephotettix cincticeps (planthopper)] (KU586121)

98

67

74

69

Fig. 8 (See legend on previous page.)

Mycetome symbiont [Stegobium paniceum (beetle)] (JQ805029)

- Rickettsia endosymbiont [Deronectes platynotus (beetle)] (FM177875)

= Rickettsia endosymbiont [Chrysotropia ciliata (lacewing)] (MF156626)

Ca. Rickettsia mendelii [Ixodes ricinus (tick)] (KJ882317)

Rickettsia endosymbiont [Liophloeus gibbus (weevil)] (MN621120)

Rickettsia rickettsii lowa [Ixodid tick] (CP000766)

Rickettsia japonica YH [Haemaphysalis hystricis (tick)] (NR_074459)

Rickettsia typhi Wilmington [Xenopsylla cheopis (flea)] (NR_036948)

Rickettsia prowazekii Brein1 [Pediculus humanus (louse)] (NR_044656)

Orientia chuto Dubai [Trombiculid mite] (NR_117903)

95 Orientia tsutsugamushi Karp [Leptotrombidium pallidum (mite)] (NR_025860)

Occidentia massiliensis Os18 [Ornithodoros sonrai (tick)] (NR_149220)

Wolbachia pipientis A [Drosophila melanogaster (fly)] (EU096232)
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was assessed using a NanoDrop 2000c spectrophotom-
eter (Thermo Fisher Scientific, Waltham, Massachusetts,
US.A.) and the quantity was assessed using a Qubit
2.0 Fluorometer with the Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific).

Construction and sequencing of amplicon libraries
Bacterial populations in psyllids were analyzed using
the MiSeq system (Illumina, San Diego, California,
U.S.A.), as described previously [30]. Briefly, ampli-
con PCR was performed using the genomic DNA
extracted from psyllids, the KAPA HiFi HotStart
ReadyMix (KAPA Biosystems, Wilmington, Massa-
chusetts, U.S.A.), and the primer set 16S_341Fmod
(5-TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGYYTAMGGRNGGCWGCAG-3') and 16S_805R
(5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGGACTACHVGGGTATCTAATCC-3') targeting
the V3 and V4 regions of the 16S rRNA gene. Whereas
both primers were based on the instructions by Illu-
mina [122], 16S_341F was modified (underlined),
where original CC, C, and G were replaced with mixed
bases, YY (C or T), M (A or C), and R (A or G). Our
preliminary analyses demonstrated that this modifica-
tion improves sensitivity to detect symbionts with AT-
rich genomes including Carsonella, without reducing
sensitivity for those with GC-rich genomes. Dual indi-
ces and Illumina sequencing adapters were attached
to the amplicons with index PCR using the Nextera
XT Index Kit v2 (Illumina). The libraries were com-
bined with the PhiX Control v3 (Illumina), and 250 bp
of both ends were sequenced on the MiSeq platform
(Illumina) with the MiSeq Reagent Kit v2 (500 cycles;
Illumina).

Computational analysis of bacterial populations

After the amplicon sequence reads were demultiplexed, the
output sequences were imported into the QIIME2 platform
(version 2020.2) [123] and processed as described previously
[30]. In brief, after primer sequences were removed using the
cutadapt plugin [124], paired-end sequences were trimmed,
denoised, joined, and dereplicated using the dada2 plugin
[70]. During this step, chimeric sequences were detected and
removed. The q2-feature-classifier plugin [125] was trained
using the V3 and V4 regions of the 16S rRNA gene sequences
retrieved from the SILVA database ver. 132 (SILVA_132_
QIIME_release/taxonomy/16S_only/99/taxonomy_7_levels.
txt) that were clustered at 99% sequence similarity [72]. Sub-
sequently, the denoised and dereplicated amplicon reads were
classified and taxonomic information was assigned using the
trained q2-feature-classifier. Obtained sequence variants (SVs)
were manually checked by performing BLASTN searches
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against the National Center for Biotechnology Information
non-redundant database [126].

Phylogenetic analysis of detected bacteria

Phylogenetic analysis of SVs was performed as described
previously [30]. Briefly, after the SVs were aligned to related
sequences using SINA (v1.2.11) [127], phylogenetic trees
were inferred by the maximum likelihood (ML) method
using RAXML (version 8.2.12) [128]. The GTR+TI model
was used with no partitioning of the data matrix, with
1000 bootstrap iterations (options -f a -m GTRGAMMA -#
1000).

Abbreviations
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