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Psyllids (Hemiptera: Sternorrhyncha: Psylloidea) are plant sap-sucking insects that are closely associated with various
microbes. To obtain a more detailed understanding of the ecological and evolutionary behaviors of microbes in Psylloidea,
the bacterial populations of six psyllid species, belonging to the family Carsidaridae, were analyzed using high-throughput
amplicon sequencing of the 16S rRNA gene. The majority of the secondary symbionts identified in the present study
were gammaproteobacteria, particularly those of the order Enterobacterales, including Arsenophonus and Sodalis, which
are linecages found in a wide variety of insect hosts. Additionally, Symbiopectobacterium, another Enterobacterales
lineage, which has recently been recognized and increasingly shown to be vertically transmitted and mutualistic in
various invertebrates, was identified for the first time in Psylloidea. This lineage is closely related to Pectobacterium
spp., which are plant pathogens, but forms a distinct clade exhibiting no pathogenicity to plants. Non-Enterobacterales
gammaproteobacteria found in the present study were Acinetobacter, Pseudomonas (both Pseudomonadales), Delftia,
Comamonas (both Burkholderiales), and Xanthomonas (Xanthomonadales), a putative plant pathogen. Regarding
alphaproteobacteria, three Wolbachia (Rickettsiales) lineages belonging to supergroup B, the major group in insect lineages,
were detected in four psyllid species. In addition, a Wolbachia lineage of supergroup O, a minor group recently found
for the first time in Psylloidea, was detected in one psyllid species. These results suggest the pervasive transfer of
bacterial symbionts among animals and plants, providing deeper insights into the evolution of the interactions among

these organisms.
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Psyllids (Psylloidea) are plant sap-sucking hemipteran
insects that encompass ~4,000 described species worldwide,
constituting the suborder Sternorrhyncha along with white-
flies (Aleyrodoidea), aphids (Aphidoidea), phylloxera (Phyl-
loxeroidea), and scale insects (Coccoidea) (Burckhardt ez al.,
2021). Similar to other sternorrhynchan insects (International
Aphid Genomics Consortium, 2010; Nakabachi and
Miyagishima, 2010; Tamborindeguy et al., 2010), psyllids
feed exclusively on phloem sap using their needle-like
mouthpart called the stylet (Hodkinson, 1974; Burckhardt et
al., 2021). Due to this feeding habit, some psyllid species
transmit plant pathogens, including “Candidatus Liberi-
bacter spp.” (Alphaproteobacteria: Rhizobiales) and “Ca.
Phytoplasma spp.” (Bacilli: Acholeplasmatales), making
them important agricultural pests (Jarausch and Jarausch,
2010; Grafton-Cardwell et al., 2013; Mora et al., 2021).
Moreover, phloem sap is deficient in nutrients, including
essential amino acids and some vitamins (Ziegler et al.,
1975; Sandstrom and Moran, 1999). Therefore, these defi-
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ciencies are compensated by transovarially transmitted bac-
terial mutualists harbored in a specialized organ called the
bacteriome (Nakabachi et al., 2010b; Sloan et al., 2014).
Although in situ hybridization has revealed the symbiont
localization of only a few psyllid species (Fukatsu and
Nikoh, 1998, 2000; Subandiyah et al., 2000; Nakabachi et
al., 2013b; Dan et al., 2017), the psyllid bacteriome is con-
sidered to typically harbor two distinct intracellular sym-
bionts, based on microscopic observations with classical
staining methods (Profft, 1937; Buchner, 1965), followed by
bacterial gene amplicon analyses with cloning (Spaulding
and von Dohlen, 1998, 2001; Thao et al., 2000a; Hansen et
al., 2007) and next-generation sequencing methods (Arp et
al., 2014; Hall et al., 2016; Fromont et al., 2017; Morrow et
al., 2017, 2020; Nakabachi et al., 2020a, 2022a, 2022b),
along with metagenomic analyses (Sloan and Moran, 2012;
Nakabachi ef al., 2013b, 2020b). The primary symbiont, the
nutritional mutualist conserved among host species and, thus,
considered to be essential in distinct insect clades, is “Ca.
Carsonella ruddii” (Gammaproteobacteria: Oceanospirillales,
hereafter Carsonella) in Psylloidea (Thao et al., 2000b),
which provides the host with essential amino acids
(Nakabachi et al., 2006; Sloan and Moran, 2012; Nakabachi
et al.,2013b, 2020b; Nakabachi and Moran, 2022). Molecu-
lar phylogenetic analyses have repeatedly demonstrated
cospeciation between host psyllids and Carsonella, resulting
from the single acquisition of a Carsonella ancestor by a
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psyllid common ancestor and its subsequent stable vertical
transmission (Thao et al, 2000b; Spaulding and von
Dohlen, 2001; Hall et al., 2016; Nakabachi et al., 2020a,
2022a, 2022b). Another bacterial lineage harbored in the
bacteriome is categorized as a ‘secondary symbiont’,
meaning an additional symbiont. Although secondary sym-
bionts in diverse insect taxa form various host-symbiont
relationships across the mutualism-parasitism continuum
(Gherna et al., 1991; Dale and Maudlin, 1999; Nakabachi et
al., 2003; Russell et al., 2003; Thao and Baumann, 2004;
Moran et al., 2008; Werren et al., 2008; Oliver et al., 2010;
Johnson, 2015), those in the psyllid bacteriome consistently
appear to have obligate mutualistic relationships with the
host psyllid (Sloan and Moran, 2012; Nakabachi et al.,
2013b, 2020b). Nevertheless, these secondary symbionts are
phylogenetically diverse among host lineages, suggesting
their repeated infection and replacement during the evolu-
tion of Psylloidea (Thao et al., 2000a; Spaulding and von
Dohlen, 2001; Sloan and Moran, 2012; Hall et al., 2016;
Morrow et al., 2017; Nakabachi et al, 2020a, 2022a,
2022b). They are mostly considered to have a nutritional
basis (Spaulding and von Dohlen, 2001; Sloan and Moran,
2012; Morrow et al., 2017), with the unique exception
of “Ca. Profftella armatura” (Gammaproteobacteria:
Burkholderiales) (Nakabachi et al., 2013b, 2020a, 2020b;
Dan et al., 2017), the main role of which appears to protect
the holobiont (host psyllid plus bacteriome-associated mutu-
alists) from natural enemies, including predators, parasi-
toids, and pathogens (Nakabachi et al., 2013b, 2020b;
Nakabachi and Fujikami, 2019; Nakabachi and Okamura,
2019; Yamada et al., 2019; Tanabe et al., 2022). Besides
these bacteriome-associated obligate mutualists, psyllids may
harbor various secondary symbionts of a facultative nature,
including Wolbachia (Alphaproteobacteria: Rickettsiales)
and Rickettsia (Alphaproteobacteria: Rickettsiales), which
cause systemic infection in host insects (Spaulding and von
Dohlen, 2001; Sloan and Moran, 2012; Arp et al., 2014,
Chu et al., 2016, 2019; Jain et al., 2017; Kruse et al., 2017,
Morrow et al., 2017; Nakabachi et al, 2020a, 2022a,
2022b). Similar to other hemipteran insects (Nakabachi and
Ishikawa, 1997, 1999, 2000, 2001; Nakabachi et al., 2003,
2005, 2010a, 2014; Moran et al, 2008; Kikuchi, 2009;
Nikoh and Nakabachi, 2009; Gerardo et al., 2010; Nikoh et
al., 2010; Ramsey et al., 2010; Shigenobu et al., 2010;
Tamborindeguy et al., 2010; Nakabachi, 2015; Uchi et al.,
2019), evidence is accumulating to show that interactions
among symbiotic microbes, including those associated with
the bacteriome, facultative symbionts, and plant pathogens,
along with interactions between host psyllids and these bac-
terial populations (Nakabachi et al., 2006, 2010b, 2013b;
Sloan et al., 2014; Dan et al., 2017; Nakabachi and
Fujikami, 2019), are important for psyllid biology and host
plant pathology (Nakabachi et al., 2013a, 2020a, 2022b;
Chu et al., 2016, 2019; Dan et al., 2017; Jain et al., 2017,
Kruse et al, 2017; Killiny, 2022; Tanabe et al., 2022).
Therefore, the identification of microbiomes in various psy-
1lid lineages, which mirror the ecological and evolutionary
behaviors of bacterial populations in Psylloidea, will help
establish a basis for the better control of pest species.
According to a definition revised by Burckhardt et al.,
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psyllids are classified into seven extant families: Aphalaridae,
Calophyidae, Carsidaridae, Liviidae, Mastigimatidae, Psylli-
dae, and Triozidae (Burckhardt ef al., 2021). Carsidaridae is
a relatively small family consisting of three subfamilies,
Carsidarinae, Homotominae, and Pachypsyllinae, which com-
prise 148 species of 23 genera (Ouvrard, 2023). This family
encompasses agricultural pests, including Mesohomotoma
tessmanni (Carsidarinae), Allocarsidara malayensis (Carsi-
darinae), and Homotoma ficus (Homotominae), which feed
on cacao (Yana et al., 2015), durian (Ketsa et al., 2020), and
fig (Tasi et al., 2021) trees, respectively. A recent study per-
formed a relatively comprehensive analysis of 16S rRNA
gene amplicons using 44 psyllid species of five families,
including four Carsidaridae species: H. ficus, Macrohomotoma
gladiata (Homotominae), Mesohomotoma hibisci (Carsidari-
nae), and Protyora sterculiae (Carsidarinae) (Kwak et al.,
2021). The analysis revealed various bacteria, including two
lineages of “Ca. Liberibacter” that are potential plant patho-
gens. One of them was a close relative of “Ca. Liberibacter
asiaticus”, which is a notorious pathogen of the most devas-
tating citrus disease, Huanglongbing or greening disease,
and the other was “Ca. Liberibacter capsica”, a novel spe-
cies that may potentially cause diseases in solanaceous
crops. Although this study provided important insights into
the evolution of microbiomes in Psylloidea, the analysis was
performed using (1) only one individual or a pool of two
individuals for each psyllid species, making the analysis less
reliable; (2) primers unsuitable for detecting bacteria with
AT-rich 16S rRNA genes, including Carsonella; and (3) the
analytical method that clusters sequence reads with a simi-
larity threshold of 97%, resulting in a lower resolution of
the analysis. Moreover, (4) none of the representative
sequences were deposited in public databases, making phy-
logenetic analyses difficult to reproduce.

In the present study, amplicon analyses were performed
based on Illumina sequencing of the V3 and V4 regions of
16S rRNA genes to assess the microbiomes of six Carsidari-
dae species collected in Japan (Table 1) using (1) ten (five
adult males and five adult females) pooled individuals for
each species, (2) primers optimized to detect 16S rRNA
genes with a wider variety of G+C contents, and (3) the
method to remove sequencing errors and resolve sequence
variants (SVs) down to the level of single-nucleotide differ-
ences. Furthermore, (4) all of the main SVs (>1% of the
total reads) have been deposited in public databases,
providing the research community with a basis for the fur-
ther investigation and reexamination of the analytical
results.

Materials and Methods

Insect sampling and DNA extraction

Adults of six psyllid species belonging to the family Carsidaridae
were collected from their host plants at various locations in Japan
(Table 1). Insect samples were stored in acetone (Carsidara
limbata, Homotoma radiata, and Celtisaspis japonica) or 99.5%
ethanol (the other species) at —20°C until DNA extraction. 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). The quality of extracted
DNA was assessed using a NanoDrop 2000c spectrophotometer
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Table 1. Psyllid species used in the present study

Species Subfamily Sampling site Collection date Host plant
Carsidara S Hakozaki, Fukuoka city, Fukuoka Pref., Kyushu, Japan (33.6262 Firmiana simplex
limbata Carsidarinae N 130.4248 E) November 15, 2015 (Malvaceae)
Mesohomotoma S Gusuku, Sumiy6, Amami-oshima Is., Kagoshima Pref., Ryukyus, Hibiscus hamabo
camphorae Carsidarinae 017582956 N 129.4572 E) May 23, 2009 (Malvaceac)

S Komi, Iriomote Is., Okinawa Pref., Ryukyus, Japan (24.3129 N Heritiera littoralis
Tyora ornata Carsidarinae 123.9053 E) May 5, 2000 (Malvaceac)
Homotoma Homotominae Oniike, Itsuwa-machi, Amakusa City, Kumamoto Pref., Amakusa- April 9. 2015 Ficus subpisocarpa
radiata shimoshima Is., Kyushu, Japan (32.5470 N 130.1865 E) prit =, (Moraceace)
Homotoma . Fukuregi, Amakusa city, Kumamoto Pref., Amakusa-shimoshima Ficus erecta
unifasciata Homotominae 1o "y o/t Japan (32.4029 N 130.0800 E) May 22,2013 (Moraceae)
Celtisaspis . Edosaki, Inasiki city, Ibaraki Pref., Honshu, Japan (35.9518 N Celtis sinensis
Jjaponica Pachypsyllinae 140.3216 E) May 27,2016 (Cannabaceace)

(Thermo Fisher Scientific). Its quantity was assessed using a Qubit
2.0 fluorometer with the Qubit dsSDNA HS Assay Kit (Thermo
Fisher Scientific).

Construction and sequencing of amplicon libraries

Bacterial populations in psyllids were analyzed in accordance
with the instructions provided by Illumina (Illumina, 2013) with
some modifications (Nakabachi et al., 2020a, 2022a, 2022b). An
amplicon polymerase chain reaction (PCR) was performed using
DNA extracted from psyllids, KAPA HiFi HotStart ReadyMix
(KAPA Biosystems), and the primer set 16S_341Fmod (5'-TCGTC
GGCAGCGTCAGATGTGTATAAGAGACAGYYTAMGGRNGG
CWGCAG-3') and 16S_805R (5'-GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3'),
targeting the V3 and V4 regions of the 16S rRNA gene. Under-
lined areas indicate regions corresponding to target 16S rRNA
gene sequences. Other nucleotides were the overhangs required for
preparing and sequencing Illumina libraries. Although both pri-
mers were based on the instructions by Illumina (Illumina, 2013),
16S 341F was modified (bold italics), where the original CC, C,
and G were replaced with the mixed bases YY (C or T), M (A or
C), and R (A or G), respectively. This modification was based on
an alignment of 16S rRNA genes encoded in divergent bacterial
genomes with various G+C contents. Referenced sequences
included those of 44 diverse lineages of Carsonella derived from
38 psyllid species from 23 genera, belonging to five families,
which were available in the nucleotide database of the National
Center for Biotechnology Information (NCBI) as of August 2014.
The modification achieved a 100% match of the primers to most
Carsonella sequences, retaining a single mismatch each in four lin-
eages (Supplementary Fig. S1). In our reanalysis in May 2023, we
identified 11 more Carsonella sequences deposited in the NCBI
nucleotide database, nine of which showed no mismatch to the pri-
mers. One sequence had a single mismatch and another showed
two mismatches (single each for 16S 341Fmod and 16S_805R)
(Supplementary Fig. S1). This modification increased sensitivity to
detect symbionts with AT-rich genomes, including Carsonella,
without reducing sensitivity to those with GC-rich genomes
(Nakabachi et al., 2020a, 2022a, 2022b). Dual indices and Illumina
sequencing adapters were attached to the amplicons with index
PCR using Nextera XT Index Kit v2 (Illumina). The libraries were
combined with PhiX Control v3 (Illumina), and 250 bp of both
ends were sequenced on the MiSeq platform (Illumina) with
MiSeq Reagent Kit v2 (500 cycles; [llumina).

Computational analysis of bacterial populations

Output sequences were processed using the QIIME2 platform
(version 2022.8) (Bolyen et al., 2019). Primer sequences were
removed from the demultiplexed sequence reads using the cutadapt
plugin (Martin, 2011). The denoising and joining of paired-end
reads and removal of low-quality or chimeric reads were subse-
quently performed using the DADA2 plugin (Callahan et al.,
2016). In this process, parameters were set to --p-trunc-len-f 230
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and --p-trunc-len-r 225 to remove 3'-end nucleotides with quality
scores below the Phred score 30, referring to the quality histo-
grams drawn with fastQC (version 0.11.9) (Andrews, 2023) and
multiQC (versionl.12) (Ewels et al., 2016). Dereplicated amplicon
reads were classified, and taxonomic information was assigned
using the q2-feature-classifier (Bokulich ef al., 2018), which was
trained with the V3 and V4 regions of the 16S rRNA gene (Silva
138 SSURef NR99) (Glockner et al., 2017). The SVs obtained
were manually checked by BLASTN searches against the NCBI
non-redundant database (Camacho er al., 2009). After SVs were
aligned to related sequences using SINA (version 1.2.11) (Pruesse
et al., 2012), phylogenetic trees were inferred by the maximum
likelihood (ML) method using RAxXML (version 8.2.12)
(Stamatakis, 2014). The GTR+I" model was used with no
partitioning of the data matrix, with 1,000 bootstrap iterations
(options -fa -m GTRGAMMA -# 1000).

Data availability

Nucleotide sequence data are available in the DDBJ/EMBL/
GenBank databases under the accession numbers DRR420941—
DRR420946 (raw fastq files) and TAAE01000001-TAAE01000035
(dereplicated SVs).

Results

Overview

Raw libraries after demultiplexing yielded 48,874—83,223
pairs of forward and reverse reads for the six psyllid species.
The denoising and joining of paired-end reads and removal
of low-quality or chimeric reads resulted in 42,709-64,067
non-chimeric high-quality reads (Supplementary Table S1).
The dereplication of these reads resulted in 342 independent
SVs, 33 of which accounted for >1% of the total reads (Sup-
plementary Table S2 and Fig. S2). The present study
focused on the 33 main SVs unless otherwise noted because
(1) filtering with a threshold of 1% was previously demon-
strated to be among the most accurate and effective methods
to eliminate potential contaminants (Karstens et al., 2019)
and (2) the targets of the present study were relatively
abundant symbionts with close associations with the host
psyllids. SVs with a relative abundance of <1% were collec-
tively categorized as ‘others’ (Fig. 1) and accounted for 0.1
(H. radiata) - 13.6% (C. japonica) of the total reads in each
psyllid species (Supplementary Table S2).

Identification of Carsonella

The taxonomic classification by QIIME2 (Supplementary
Table S2) followed by independent BLAST searches and
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Fig. 1.
assigned bacterial taxa are shown.

phylogenetic analyses showed that all psyllid species,
except for Mesohomotoma camphorae, possess distinct
lineages of Carsonella (Fig. 1). The ML tree placed these
Carsonella sequences at positions that are largely consistent
with the host psyllid phylogeny inferred by mitochondrial
and nuclear gene analyses with the aid of morphological
analyses (Percy et al., 2018; Cho et al., 2019; Burckhardt et
al.,2021) (Fig. 2). SV4 and SV5, derived from the congene-
ric species Homotoma unifasciata (27.9% of the reads) and
H. radiata (38.2% of the reads; both Homotominae), respec-
tively, formed a robustly supported clade (bootstrap: 98%).
This clade further formed a well-supported clade (bootstrap:
88%) with other psyllid species belonging to the same sub-
family Homotominae (Fig. 2). SV12 and SV28, derived
from C. limbata (14.8% of the reads) and Tyora ornata
(4.1% of the reads; both Carsidarinae), respectively, also
formed a moderately supported clade (bootstrap: 69%) with
a sequence from P. sterculiae (Carsidaridae: Carsidarinae,
KY427941). SV18, which accounted for 8.4% of C.
Japonica (Pachypsyllinae) reads, was placed at the basal
position in the Carsonella tree (Fig. 2). Although SV18 did
not form a clade with sequences derived from other Pachyp-
syllinae species of the New World endemic genus
Pachypsylla, the phylogenetic position was proximal to the
moderately supported clade consisting of these sequences
(bootstrap: 67%) (Fig. 2). These results were consistent with
previous findings showing that host psyllids and Carsonella
cospeciated due to the stable vertical transmission of
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Composition of bacterial populations in psyllids of the family Carsidaridae. The relative abundance of Illumina reads belonging to

Carsonella (Thao et al., 2000b; Spaulding and von Dohlen,
2001; Hall et al., 2016; Nakabachi et al., 2020a, 2022a,
2022b).

In contrast, no Carsonella-like SVs with a relative abun-
dance of >1% were detected in M. camphorae (Supplemen-
tary Table S2). This was unexpected because Carsonella
was considered to be essential in Psylloidea, and the primer
set (Supplementary Fig. S1) used in the present study was
shown to be suitable for detecting Carsonella (Nakabachi et
al., 2020a, 2022a, 2022b). Therefore, the search was
extended to include SVs with a relative abundance of <1%
in M. camphorae. SV73, the most abundant SV in M.
camphorae showing similarity to Carsonella sequences,
accounted for only 0.16% of M. camphorae reads (Supple-
mentary Table S2). The sequence was only 93.3% identical
to the most similar sequences in the database, which were
derived from Carsonella of Diaphorina cf. continua
(AP023214, TAAAO01000009) and Diaphorina Iycii
(TAAA01000012). These psyllid species belong to the fam-
ily Psyllidae and are distantly related to M. camphorae.
Moreover, the ML tree placed this SV at a position apart
from Carsonella sequences found in other Carsidaridae spe-
cies (Fig. 2). No sequence reads analyzed in the same
MiSeq flow cell showed higher similarity to SV73 than the
sequences found in Diaphorina spp. These results imply
that SV73 was derived from a chimeric PCR artifact that
QIIME2 failed to remove or a minor contaminant of an
unknown source, not a true symbiont in M. camphorae.
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— SV18 Celtisaspis japonica [Carsidaridae: Pachypsyllinae] (TAAE01000020)
01 Pachypsylla pallida [Carsidaridae: Pachypsyllinae] (AF211142)
Pachypsylla celtidismamma [Carsidaridae: Pachypsyllinae] (AF286122)
Pachypsylla venusta [Carsidaridae: Pachypsyllinae] (AP009180)
SV12 Carsidara limbata [Carsidaridae: Carsidarinae] (TAAE01000014)
100 g'_I:Protyora sterculiae [Carsidaridae: Carsidarinae] (KY427941)
SV28 Tyora ornata [Carsidaridae: Carsidarinae] (TAAE01000030)
SV5 Homotoma radiata [Carsidaridae: Homotominae] (TAAE01000007)
SV4 Homotoma unifasciata [Carsidaridae: Homotominae] (TAAE01000006)
Mycopsylla fici [Carsidaridae: Homotominae] (KT273280)
Mycopsylla proxima [Carsidaridae: Homotominae] (KT273279)
Ctenarytaina longicauda [Aphalaridae: Spondyliaspidinae] (AF211134)
Ctenaryta/na eucalypti [Aphalaridae: Spondyliaspidinae] (CP003541)
Ctenaryta/na spatulata [Aphalaridae: Spondyliaspidinae] (CP003542)
Glycaspis brimblecombei [Aphalaridae: Spondyliaspidinae] (AF211137)
Blastopsylla occidentalis [Aphalaridae: Spondyliaspidinae] (AF077605)
Cardiaspina maniformis [Aphalaridae: Spondyliaspidinae] (KY427942)
Boreioglycaspis melaleucae [Aphalaridae: Spondyliaspidinae] (AF211128)
Tainarys sordida [Aphalaridae: Rhinocolinae] (AF211150)
Aphalara longicaudata [Aphalaridae: Aphalarinae] (AF243137)
Baeoalitriozus swezeyi [Triozidae] (TAAC01000008)
100 L Baeoalitriozus swezeyi [Triozidae] (TAAC01000044)
Trioza cinnamomi [Triozidae] (TAAC01000015)

Trioza camphorae [Triozidae] (TAAC01000012)
Pauropsylla triozoptera [Triozidae] (TAAC01000039)
Leptynoptera sulfurea [Triozidae] (TAAC01000028)
Cecidotrioza sozanica [Triozidae] (AF286120)
Trioza magnoliae [Triozidae] (AF077604)
Trioza eugeniae [Triozidae] (AF211151)
Trioza machilicola [Triozidae] (TAAC01000034)
Stenopsylla nigricornis [Triozidae] (TAAC01000009)

991 Stenopsylla nigricornis [Triozidae] (TAAC01000045)
— Trioza urticae [Triozidae] (AF211152)
Bacterlcera trigonica [Triozidae] (CP024798)
Bactericera cockerelli [Triozidae] (AF211126)
Neotriozella hirsuta [Triozidae] (AF211140)
Epitrioza mizuhonica [Triozidae] (TAAC01000011)
Epitrioza yasumatsui [Triozidae] (TAAC01000016)

64

77

75

99| Diaphorina citri [Psyllidae: Diaphorininae] (CP003467)

s Diaphorina citri [Psyllidae: Diaphorininae] (EF450250)

94 D/aphorma cf. continua [Psyllidae: Diaphorininae] (TAAA01000002)

Diaphorina lycii [Psyllidae: Diaphorininae] (AF280097)

Diaphorina lycii [Psyllidae: Diaphorininae] (TAAA01000003)

Acizzia uncatoides [Psyllidae: Acizziinae] (AF211123)

Russelliana intermedia [Psyllidae: Aphalaroidinae] (AF211148)

Panisopelma fulvescens [Psyllidae: Aphalaroidinae] (AF211144)

94! Panisopelma sp. [Psyllidae: Aphalaroidinae] (AF211145)

Epiacizzia kuwayamai [Psyllidae: Psyllinae] (TAAB01000020)

Psylla floccosa [Psyllidae: Psyllinae] (AF286117)

Arytaina genistae [Psyllidae: Psyllinae] (AF243136)

Spanioneura buxi [Psyllidae: Psyllinae] (AF211146)

Spanioneura fonscolombii [Psyllidae: Psyllinae] (AF211149)

Heteropsylla texana [Psyllidae: Ciriacreminae] (CP003544)

Heteropsylla cubana [Psyllidae: Ciriacreminae] (CP003543)

Cacopsylla biwa [Psyllidae: Psyllinae] (TAAB01000026)

- Cacopsylla pyricola [Psyllidae: Psyllinae] (AF286118)

r Cacopsylla coccinea [Psyllidae: Psyllinae] (TAAB01000015)

r Cacopsylla jukyungi [Psyllidae: Psyllinae] (TAAB01000012)

+ Cacopsylla brunneipennis [Psyllidae: Psyllinae] (AF243138)

4( Psylla morimotoi [Psyllidae: Psyllinae] (TAAB01000044)

96! Psylla morimotoi [Psyllidae: Psyllinae] (TAAB01000034)

Cacopsylla peregrina [Psyllidae: Psyllinae] (AF211130)

ﬂ:qacopsylla peninsularis [Psyllidae: Psyllinae] (TAAB01000021)
Cacopsylla peninsularis [Psyllidae: Psyllinae] (TAAB01000031)

Cacopsylla kiushuensis [Psyllidae: Psyllinae] (TAAB01000006)

Cacopsylla fatsiae [Psyllidae: Psyllinae] (TAAB01000017)

Cacopsylla satsumensis [Psyllidae: Psyllinae] (TAAB01000019)

Cyamophila hexastigma [Psyllidae: Psyllinae] (TAAB01000025)

Cacopsylla burckhardti [Psyllidae: Psyllinae] (TAAB01000003)

Cacopsylla myrthi [Psyllidae: Psyllinae] (AF211129)

Cacopsylla pyri [Psyllidae: Psyllinae] (AF211131)

97 JAnomoneura mori [Psyllidae: Psyllinae] (TAAB01000005)

Anomoneura mori [Psyllidae: Psyllinae] (AB013086)

50

100

j Ca. Portiera aleyrodidarum [Bemisia tabaci (whitefly)] (AF400453)
! Gammaproteobacterium symbiont [Metapocyrtus yonagunianus (weevil)] (LC014980)

Fig. 2. Maximum likelihood phylogram of Carsonella. 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. Designations other than those for outgroups refer to psyllid hosts.
Families and subfamilies (if applicable) of host psyllids are shown in brackets. Sequences from this study are shown in bold red. SV73 derived
from Mesohomotoma camphorae is outlined. DDBJ/EMBL/GenBank accession numbers for sequences are provided in parentheses. 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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Similarly, all other M. camphorae SVs showing similarity to
Carsonella, namely, SV125 (0.06% of the reads), SV213
(0.02%), SV219 (0.02%), and SV293 (0.01%), appeared to
be derived from artifacts or contaminants. These types of
minor SVs that showed similarity to Carsonella sequences,
but appeared to correspond to PCR artifacts or contaminants
of unknown sources were also detected in C. limbata, T.
ornata, and C. japonica (Supplementary Table S2).

Enterobacterales symbionts in Carsidaridae

Of the 33 main SVs obtained in the present study, 28
corresponded to gammaproteobacteria, 14 of which belonged
to the order Enterobacterales (Supplementary Table S2).
Enterobacterales is a bacterial taxon that comprises numer-
ous insect symbionts, including those associated with the
bacteriome (Moran et al., 2008; McCutcheon et al., 2019).
Enterobacterales bacteria identified in the present study
included Arsenophonus, Sodalis, Symbiopectobacterium,
and several lineages with ambiguous phylogenetic place-
ments (Fig. 1 and 3, Supplementary Table S2).

Arsenophonus symbionts

Four distinct SVs corresponding to Arsenophonus line-
ages were detected in three of the six Carsidaridae species:
H. radiata, C. japonica, and M. camphorae (Fig. 1 and 3,
Supplementary Table S2). SV14 (15.8% of H. radiata
reads), SV15 (15.2% of H. radiata reads), SV17 (9.0% of C.
Japonica reads), and SV20 (5.5% of M. camphorae reads)
were 97.2-100% identical to the sequences of Arsenophonus
nasoniae (CP038613), the type species of Arsenophonus
found in the parasitoid wasp Nasonia vitripennis (Hymenop-
tera: Pteromalidae) (Gherna et al., 1991), and Arsenophonus
symbionts detected in various insect lineages. Host insects
included aphids (Russell et al., 2003), whiteflies (Thao and
Baumann, 2004), louse flies (Diptera: Hippoboscoidea)
(Novakova et al., 2009), and the psyllid species Baeoalitriozus
swezeyi, Epitrioza yasumatsui, Stenopsylla nigricornis, Trioza
machilicola (all Triozidae; TAAC01000002-5), Cacopsylla
Jukyungi (Psyllidae; TAAB01000029), Cardiaspina tenuitela
(Aphalaridae; KY428657), and Glycaspis brimblecombei
(Aphalaridae; EU043378) (Hansen et al., 2007; Morrow et
al., 2017; Nakabachi et al., 2022a, 2022b). These sequences
formed a robustly supported clade (bootstrap: 100%) in the
ML tree (Fig. 3). SV14 and SV15, both of which were
derived from H. radiata, were 99.8% identical to each other.
The similarities observed in both nucleotide sequences and
read frequencies (see above) implied that these SVs corre-
sponded to multiple copies of the 16S rRNA gene encoded
in a single Arsenophonus genome. Although we cannot
exclude the possibility that the nucleotide difference was
caused by PCR/sequencing errors, the latter is less likely
because the DADA2 plugin corrects sequencing errors
during the denoising process (Callahan et al., 2016; Prodan
et al., 2020).

Sodalis symbionts

SV21, SV24, and SV29, which accounted for 4.3, 2.6, and
1.8%, respectively, of H. unifasciata reads (Supplementary
Table S2), formed a clade with the Sodalis endosymbionts
found in various insects, including the other psyllid species
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Blastopsylla occidentalis (Aphalaridae: Spondyliaspidinae;
AF077608) (Spaulding and von Dohlen, 1998), Cacopsylla
burckhardti (Psyllidae: Psyllinae; TAAB01000016), and
Cacopsylla kiushuensis (Psyllidae: Psyllinae; TAAB01000030)
(Fig. 3) (Nakabachi et al., 2022b). These SVs were 96.5
(SV29)-97.0% (SV21) identical to the sequence of the type
species Sodalis glossinidius (AP008232), a secondary sym-
biont of the tsetse fly Glossina morsitans (Diptera: Hippo-
boscoidea) (Dale and Maudlin, 1999). Although the clade
was only poorly supported (bootstrap: <50%) (Fig. 3), these
SVs were tentatively named “Sodalis endosymbionts” (Fig.
1 and 3) because their similarities to the type species were
above the generally used arbitrary genus threshold of 94.5—
95% (Yarza et al., 2014; Barco et al., 2020). SV21, SV24,
and SV29 were 99.1-99.8% identical to one another.

First report on a Symbiopectobacterium symbiont in
Psylloidea

SV3, which accounted for as much as 41.0% of M.
camphorae reads (Supplementary Table S2), was 97.4%
identical to the sequence of Symbiopectobacterium purcellii,
an endosymbiont found in the leafthopper Empoasca
decipiens (CP081864) (Nadal-Jimenez et al., 2022b). These
sequences formed a robustly supported clade (bootstrap:
99%) in the ML tree of the order Enterobacterales (Fig. 3).
Since the genus Symbiopectobacterium is closely related to
the genus Pectobacterium, which includes important plant
pathogens (Rossmann et al., 2018; Oulghazi et al., 2021),
we performed a more comprehensive analysis that focused
on Symbiopectobacterium and related bacterial genera. The
results obtained placed SV3 in a well-supported clade (boot-
strap: 71%) of vertically transmitted Symbiopectobacterium
symbionts recently recognized and identified in various
invertebrate lincages (Fig. 4) (Hosokawa et al., 2010;
Kuechler et al., 2011, 2012; da Mota et al., 2012; Koga et
al., 2013; Lopez-Madrigal et al., 2014; Husnik and
McCutcheon, 2016; Martinson et al., 2020; Nadal-Jimenez
et al., 2022b). This clade is distinct from that of
Pectobacterium spp., which are plant pathogens that cause
soft rot disease in various economically important crops
(Rossmann et al., 2018; Oulghazi ef al., 2021) (Fig. 4). Bac-
teria belonging to this newly emerging Symbiopectobacterium
clade have mainly been discovered in hemipteran insects,
including plant-sap feeders and vertebrate-blood feeders.
However, to the best of our knowledge, this is the first study
to report Symbiopectobacterium in Psylloidea.

Other Enterobacterales symbionts

SV2 (84.7% of C. limbata reads), SV6 (24.4% of H.
unifasciata reads), SV8 (30.7% of H. radiata reads), SV10
(26.2% of T. ornata reads), and SV13 (16.6% of T. ornata
reads) were placed at ambiguous positions in the ML tree
(Fig. 1 and 3, Supplementary Table S2). Since their
branching patterns were mostly poorly supported (bootstrap:
<50%) and their sequence identities with those of bacteria
with a genus name were low (<94.5%), they were collec-
tively referred to as “Enterobacterales symbionts” (Fig. 1
and 3). Among them, SV6 and SV8, which were derived
from congeneric psyllid species, formed a robustly sup-
ported clade (bootstrap: 100%) in the ML tree (Fig. 3),
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ales sy (Carsidaridae: H
0.1

i (TAAEOQ
i radiata (Carsidaridae: H i (TAAE01000010)
Endosymbiont [Haematopmus apri (Iouse)] (DQ076665)
Ca Kotejella greemscae [Greenisca brachypodii (scale insect)] (KY558666)
V10 Enter i [Tyora ornata (Carsidaridae: Carsidarinae)] (TAAE01000012)
nggleswonhla glossinidia [Glossma morsitans (tsetse fly)] (L37339)
Wigglesworthia glossmrdla [Glossina brevipalpis (tsetse ﬂy)] (BA000021)
SV2 Enter [C: limbata (Carsidaridae: Carsidarinae)] (TAAE01000004)
Ca. Blochmannia ﬂondanus [Camponotus floridanus (ant)] (AY334381)
% 1 Ca. Blochmannia rufipes [Camponotus rufipes (ant)] (X92552)
Ca. Moranella endobia [Planococcus citri (mealybug)] (CP002243)
Ca. Schneideria nysicola [Orsillus depressus (seed bug)] (HE586114)
Ca. Baumannia ci inicola [+ lata (leafhopper)] (CP000238)
Ca. Baumannia cicadellinicola [Graphocephala aurora (leafhopper)] (AF465797
Enterobacterales endosymbiont [Psylla morimotoi (Psyllidae: Psyllinae)] (TAAB01000036)
Sodalis endosymbiont [Cardiaspina maniformis (Aphalaridae: Spondyliaspidinae)] (KY428659)
Enterobacterales endosymbiont [Stenopsylla nigricornis (Triozidae)] (TAAC01000038)
Secondary endosymbiont [Ctenarytaina eucalypti (Aphalaridae: Spondyliaspidinae)] (CP003546)
SV13 Enterobacterales symbiont [Tyora ornata (Carsidaridae: Carsidarinae)] (TAAE01000015)
Sodalis g/oss:mdlus [Glossina mors:tans (tsetse fly)] (AP008232)

Sodalis ius [Glossina brevif (tsetse fly)] (U64870)
Sodalis praecaptivus (CP006569)
Sodalis endosymbiont [Porphyrophora polonica (scale insect)] (MT232255)
Ca. Sodalis pierantonius [Sitophilus oryzae (weevil)] (AF548137)
Secondary symbiont [Coelostomidia pilosa (scale insect)] (KC447409)
Sodalis endosymbiont [Cacopsylla burckhardti (Psyllidae: Psyllinae)] (TAAB01000016)

Sodalis endosymbiont [Cacopsylla kiushuensis (Psyllidae: Psyllinae)] (TAAB01000030)
Sodalis endosymbiont [Philaenus tesselatus (spittlebug)] (AB772197)

Secondary endosymblon! [Blas{opsylla occldenrahs (Aphalaridae: Spondyllaspldlnae)] (AF077608)
SV21 Sodalis end i

[F (Carsndanda EO 3)

00|, SV24 Sodalis endosymbi [F i iata (C |uae I i (TAAE01000026)

8l 8V29 Sodalis y [F i © I i (TAAE01000031)
—— Secondary endosymbiont [Bactencera cockerelli (Triozidae)] (AF263557)

Escherichia coli K-12 MG1655 (CP032667)
SV31 Enterobacter sp. [Celtisaspis japonica (Carsidaridae: Pachypsyllinae)] (TAAE01000033)
Pantoea ananatis (KT741004)
Erwinia toletana (NR104828)
Pantoea agglomerans (AF130962)
sv3 ium iont [ (Carsidaridae: Carsidarinae)] (TAAE01000005)
99 Symblopec!obacter/um purcellii [Empoasca decipiens (leafhopper)] (0K044380)
Ca. Regiella insecticola [Acyrthosiphon pisum (aphid)] (AY296734)

5 Ca. Hamiltonella defensa [Acyrthosiphon pisum (aphid)] (CP001277)

3 Ca. Fukatsuia symbiotica [Cinara confinis (aphid)] (LT600381

100 1Ca. Fukatsuia symbiotica [Psylla morimotoi (Psyllidae Psyllinae)] (TAAB01000033)
Salmonella enterica (MH155974)

54 Morganella morganii (LT899955)

SV17 A iont [C (c idae: Pachypsyllinae)] (TAAE01000019)
Arsenophonus endosymbiont [Ep({noza yasurnatsw (Triozidae)] (TAACO1000031)

Arsenophonus endosymbiont [Stenopsylla nigricornis (Triozidae)] (TAAC01000023)
4 Arsenophonus nasoniae [Nasonia vitripennis (wasp)] (CP038613)
Arsenophonus endosymbiont [ Trioza machilicola (Triozidae)] (TAAC01000048)
Arsenophonus endosymbiont [B. swezeyi, E. yasumatsui, S. nigricornis, T. machilicola (Triozidae)] (TAAC01000002-5)

Arsenophonus endosymbiont [Baeoal/trmzus swezeyi (Triozidae)] (TAAC01000033)
SV20 A,

(Carsidaridae: C inae)] (TAAE01000022)
Ca. Arsenophonus tnatommarum [Tnatoma rubrofasciata (assassin bug)] (00508185)
SV14 A radiata (Carsidarid: (TAAE01000016)
64| SV15 A, radiata (C i (TAAE01000017)
Arsenophonus endosymblont [Cacopsy/lajukyungl (Psyllidae: Psylllnae)] (TAABO1000029)

Serratia fonticola (CP054160)
Serratia plymuthica (CP015613)
Serratia symbiotica [Epitrioza yasumatsui (Triozidae)] (TAAC01000017)
Serratia symbiotica [Cinara tujafilina (aphid)] (LT600385)
Serratia symbiotica [Epitrioza mizuhonica (Triozidae)] (TAAC01000027)
Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000043)
erratia symbiotica [Epitrioza mizuhonica (Triozidae)] (TAAC01000041
erratia symbiotica [Epitrioza mizuhonica (Triozidae)] (TAAC01000030)
Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000040)
Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000042)
Serratia symbiotica [Epitrioza mizuhonica (Triozidae)] (TAAC01000026)
Serratla symbiotica [Acyrthosiphon pisum (aphid)] (AB522706)
Serratia endosymbiont [Epitrioza mizuhonica (Triozidae)] (TAAC01000024)
Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000039)
Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000041)
"Serratia symbiotica [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000037)
Serratia endosymbiont [Epitrioza yasumatsui (Triozidae)] (TAAC01000047)
Serratia endosymbiont [Epitrioza yasumatsui (Triozidae)] (TAAC01000032)
Enterobacterales endosymbiont [Epitrioza yasumatsui (Triozidae)] (TAAC01000046)

Enterobacterales endosymbiont [Epitrioza yasumatsui (Triozidae)] (TAAC01000025)
Ca. Stammera capleta [Cassida vibex (leaf beetle)] (CP043978)

Endosymbiont [Haematomyzus elephantis (louse)] (DQ076663)
Secondary endosymbiont [Trioza magnoliae (Triozidae)] (AF077607)
Enterobacterales endosymbiont [Trioza cinnamomi (Triozidae)] (TAAC01000007)

Enterobacterales endosymbiont [Pauropsyilla triozoptera (Triozidae)] (TAAC01000040
Enterobacterales endosymbiont [Pauropsylla triozoptera (Triozidae)] (TAAC01000006)
Enterobacterales endosymbiont [ Trioza machilicola (Triozidae)] (TAAC01000018)

Enterobacterales endosymbiont [Trioza camphorae (Triozidae)] (TAAC01000001)
100l Enterobacterales endosymbiont [Trioza camphorae (Triozidae)] (TAAC01000037)
Secondary endosymbiont [Calophya schini (Calophyidae: Calophyinae)] (AF263560)

Ca. Puchtella pedicinophila [Pedicinus obtusus (louse)] (AB478979)

Endosymbiont [Protyora sterculiae (Carsidaridae: Carsidarinae)] (KY428660)
Secondary endosymbiont [Mycopsylla fici (Carsidaridae: Homotominae)] (KT273275)

Bacterium endosymbiont [Listronotus bonariensis (weevil)] (KJ522448)
Endosymbiont [Sipalinus gigas (weevil)] (AP018162)
Enterobacterales endosymbiont [Leptynoptera sulfurea (Triozidae)] (TAAC01000014)
Ca. Tachikawaea gelatinosa [Urostylis westwoodii (stink bug)] (AP014521

57 Enterobacteriaceae endosymbiont [Neohaemonia nigricornis (leaf beetle)] (CP046222)

Ca. Ishil lla capsulata [C parvipictum (stink bug)] (AB240161)
Ca. Rosenkranzia clausaccus [Elasmucha putoni (stink bug)] (AB368828)

Ca. Annandia 19a [Adelges tsugae (adelgid)] (KC331979)
Buchnela aph/dlcola [Acyrthostphon plsum (aphid)] (BAO00003)
g (aphid)] (AE013218)

“Endosymbionts3” Enlerobactenaceae endosymbiont [Cacopsylla biwa (Psyllldae Psyllinae)] (TAAB01000001)
Secondary endosymbiont [Cacopsylla myrthi (Psyllidae: Psyllinae)] (AF26355
“Endosymbiots3” Enterobacteriaceae endosymbiont [Anomoneura mori (Psyllidae: Psyllinae)] (AB013087, TAAB01000011)

“Endosymbionts3” Enterobacteriaceae endosymbiont [Cyamophila hexastigma (Psyllidae: Psyllinae)] (TAAB01000002)
Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla satsumensis (Psyllidae: Psyllinae)] (TAAB01000010)
Secondary endosymbiont [Cacopsylla pyricola (Psyllidae: Psyllinae)] (AF286125)

“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla kiushuensis (Psyllidae: Psyllinae)] (TAAB01000027)
“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla jukyungi (Psyllidae: Psyllinae)] (TAAB01000018)
“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla peninsularis (Psyllidae: Psyllinae)] (TAAB01000028)
“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla coccinea (Psyllidae: Psyllinae)] (TAAB01000004)

“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla fatsiae (Psyllidae: Psyllinae)] (TAAB01000013)
%l“Endosymbionts3” Enterobacteriaceae endosymbiont [Cacopsylla fatsiae (Psyllidae: Psyllinae)] (TAAB01000024)
L—“Endosymbionts2” Enterobacteriaceae endosymbiont [Epiacizzia kuwayamai (Psyllidae: Macrocorsinae)] (TAAB01000023)

Ca. Carsonella ruddii [Diaphorina citri (Psyllidae Diaphorininae)] (CP003467)

00

00

EJ

Fig. 3. Maximum likelihood phylogram of Enterobacterales. 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. Regarding
symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in blue, while symbionts of psyllids

are shown in red. Sequences from the present study are shown in bold. DDBJ/EMBL/GenBank accession numbers ,are provided in parentheses
Carsonella was used as an outgroup.
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Endosymbiont [Chilacis typhae (bulrush bug)] (FR729479)
Endosymbiont [Kleidocerys resedae (birch catkin bug)] (JQ726827)
6I1Endosymbiont [Kleidocerys resedae (birch catkin bug)] (JQ726828)

Endosymbiont [Dipetalogaster maxima (kissing bug)] (JQ410794)
98 7Endosymbiont [Dipetalogaster maxima (kissing bug)] (JQ410796)

7
Endosymbiont [Dipetalogaster maxima (kissing bug)] (JQ410795)

SV3 Symbiopectobacterium endosymbiont [Mlesohomotoma camphorae
(Carsidaridae:Carsidarinae)] (TAAE01000005)
Symbiopectobacterium purcellii SyEd1 [Empoasca decipiens (leafhopper)] (NR_181864)

Candidatus Symbiopectobacterium [Howardula aoronymphium (nematode)] (PRIJNA415854)
Endosymbiont [Euscelidius variegatus (leafhopper)] (Z14096)

77

100

79

1 |Endosymbiont [Eriosoma lanigerum (aphid)] (DQ418491)
+ Endosymbiont [Aphrophora quadrinotata (spittlebug)] (AB772259)

;’Gectobacterium betavasculorum ATCC 43762 (U80198)

i Pectobacterium carotovora DSM 30168 (AJ233411)
Pectobacterium aroidearum SCRI 109 (NR_159925)
Pectobacterium parmentieri RNS 08-42-1A (NR_153752)
?’%ctobacterium polaris NIBIO1006 (NR_159083)

wni8}oeqojoadoiquiAs

Endosymbiont [Cimex lectularius (bedbug)] (AB475138)

95| Endosymbiont [Cimex lectularius (bedbug)] (AB475137)
Endosymbiont [Cimex lectularius (bedbug)] (AB475139)

Endosymbiont [Pseudococcus longispinus (mealybug)] (KF742539)

r Pectobacterium peruviense IFB5232 (NR_179731)

?’Oectobacterium wasabiae CFBP 3304 (U80199)

glectobacterium brasiliense 212 (NR_118228)

Pectobacterium zantedeschiae 9M (NR_179912)
Pectobacterium betavasculorum ATCC 43762 (NR_026046)

wnuaoeqo}o8d

Pectobacterium quasiaquaticum A477-S1-J17 (NR_181464)
Pectobacterium actinidiae KKH3 (NR_125539)
Pectobacterium punjabense SS95 (MH249622)
?Jectobacterium polonicum DPMP315 (NR_180340)

Dickeya dianthicola CFBP 1200 (NR_041922)
<&0Dickeya dadantii CFBP 1269 (NR_041921)
+ Dickeya chrysanthemi ATCC 11663 (NR_118856)
Dickeya aquatica 174/2 (NR_134020)
Dickeya zeae CFBP 2052 (NR_041923)
2 Dickeya poaceiphila (NR_181128)

efaxaig

— Pseudomonas aeruginosa DSM 50071 (CP012001)

100 L pseudomonas entomophila L48 (AY907566)

Fig. 4. Maximum likelihood phylogram of Symbiopectobacterium and related genera. A total of 427 unambiguously aligned nucleotide sites of
16S tRNA genes were subjected to the analysis. On each branch, bootstrap support values of >50% are shown. The scale bar indicates
substitutions per site. Regarding symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in
blue, while symbionts of psyllids are shown in red. The sequence from the present study is shown in bold. DDBJ/EMBL/GenBank accession
numbers are provided in parentheses. Pseudomonas aeruginosa and Pseudomonas entomophila were used as an outgroup.

suggesting that the corresponding symbionts are sister line-
ages that share a common ancestor in the common ancestral
host. This phylogenetic relationship implies the important
and conserved roles of these symbionts in host psyllids.
SV31, which accounted for 1.7% of C. japonica reads, was
100% identical to the sequence of Enterobacter spp. (Fig. 1
and 3, Supplementary Table S2). This low relative abun-
dance and 100% identity with free-living bacteria implied
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that the corresponding bacterium was a transient associate,
not a stable symbiont.

Bacteria of Pseudomonadales, Burkholderiales, and

Xanthomonadales
Six SVs detected in C. japonica were placed in the clade

of the order Pseudomonadales (Fig. 1 and 5, Supplementary
Table S2). SV16, SV23, SV27, and SV33, which accounted
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04 Acinetobacter Iwoffii DSM 2403 (NR_026209)

SV23 Acinetobacter sp. [Celtisaspis jap
Acinetobacter pittii DSM 21653 (MN307289)

53

+Acinetobacter parvus DSM 16617 (MN420670)

SV27 Acinetobacter sp. [Celtisaspi

Acinetobacter defluvii WCHA30 (NR_156989)

70\ SV33 Acinetobacti
53

sp. [Celtisaspi;

Pseudomonas lutea OK2 (AY364537)

Pseudomonas graminis DSM 11363 (Y11150)

Pseudomonas entomophila L48 (AY907566)

100

Escherichia coli K-12 MG1655 (CP032667)
Fig. 5.

Acinetobacter baumannii ATCC 19606 (NR_119358)

Acinetobacter tandoii DSM 14970 (NR_117630)

— Pseudomonas protegens CHAOT (AJ278812)

(Carsidaridae: Pachypsyllinae)] (TAAE01000025)
= e.g. Acinetobacter calcoaceticus ATCC 23055 (NR_117619)

Jjaponica (Carsidaridae: Pachypsyllinae)] (TAAE01000029)

= e.g. Acinetobacter oleivorans DR1 (CP002080)

84| Acinetobacter bereziniae ATCC 17924 (NR_117625)

Jjaponica (Carsidaridae: Pachypsyllinae)] (TAAE01000035)

= e.g. Acinetobacter guillouiae ATCC 11171 (NR_117626)

72| Acinetobacter wuhouensis WCHAB0 (KY853661)
Acinetobacter haemolyticus ATCC 17906 (NR 117622)

SV16 Acinetobacter endosymbiont [Celtisaspis japonica (Carsidaridae: Pachypsyllinae)] (TAAE01000018)

= e.g. Acinetobacter dispersus ANC 4105 (NR 148844)

59| Acinetobacter tiernbergiae DSM 14971 (NR_117193)

Acinetobacter johnsonii ATCC 17909 (NR_164627)

Pseudomonas viridiflava ATCC 13223 (NR_114482)
Pseudomonas endosymbiont [Psylla morimotoi (Psyllidae: Psyllinae)] (TAAB01000032)
Pseudomonas syringae ATCC 19310 (AF094749)

88| Pseudomonas rhizosphaerae DSM 16299 (CP009533)
Pseudomonas endosymbiont [Psylla morimotoi (Psyllidae: Psyllinae)] (TAAB01000014)

SV26 Pseudomonas sp. [Celtisaspis japonica (Carsidaridae: Pachypsyllinae)] (TAAE01000028)

= e.g. Pseudomonas reidholzensis 96E40 (MT192452)

Pseudomonas flavescens NBRC 103044 (NR_114195)

Pseudomonas putida ATCC 12633 (AF094736)
8 Ca. Pseudomonas adelgestsugas [Adelges tsugae (Hemiptera: Adelgidae)] (CP026512)

%l pseudomonas fluorescens ATCC 13525 (AF094725)

= e.g. Pseudomonas parafulva NBRC 16636 (NR_104278)

{SVZZ Pseudomonas sp. [Celtisaspis japonica (Car5|dar|dae Pachypsyllinae)] (TAAE01000024)

Pseudomonas cremoricolorata DSM 17059 (MH612872)

88 Pseudomonas stutzeri ATCC 17588 (AF094748)
g5| r Pseudomonas resinovorans ATCC 14235 (AB021373)
Pseudomonas alcaligenes ATCC 14909 (AF094721)
86| Pseudomonas aeruginosa DSM 50071 (CP012001)

84|
Pseudomonas endosymbiont [Paederus fuscipes (Coleoptera: Staphylinidae)] (KJ081228)

Maximum likelihood phylogram of Pseudomonadales. 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. Regarding
symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in blue, while symbionts of psyllids
are shown in red. The sequence from the present study is shown in bold. DDBJ/EMBL/GenBank accession numbers are provided in parentheses.

Escherichia coli was used as an outgroup.

for 9.2, 3.2, 2.1, and 1.1%, respectively, of C. japonica
reads, were resolved as distinct lineages in the robustly sup-
ported clade (bootstrap: 99%) of the genus Acinetobacter
(Fig. 5). SV22 and SV26, which accounted for 3.7 and
2.5%, respectively, of C. japonica reads, were shown as dis-
tinct lineages in the robustly supported clade (bootstrap:
100%) of the genus Pseudomonas (Fig. 5).

SV19 and SV25, which accounted for 5.1 and 2.5%,
respectively, of C. japonica reads, were inferred as distinct
lineages in the robustly supported clade (bootstrap: 100%)
within the order Burkholderiales (Fig. 1 and 6, Supplemen-
tary Table S2). Although Profftella, a unique organelle-like
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defensive symbiont (Nakabachi et al., 2013b), also belongs
to this order, the ML tree showed that these SVs were
distantly related to Profftella. The SVs placed in
Pseudomonadales or Burkholderiales were 100% identical
to the sequences of free-living species, and their abundance
was relatively low. Therefore, these SVs may be derived
from transient associates, not stable symbionts of C.
Jjaponica.

SV32, which accounted for 1.4% of H. unifasciata reads,
was 100% identical to the sequence of Xanthomonas spp.
(Xanthomonadales), including X. campestris (type species),
X oryzae, X. citri, X. arboricola, X. hortorum, and X.
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0.1 Rhodoferax fermentans HMF4664 (KY047396)
—

72

100

Delftia deserti YIM Y792 (NR_136837)

|| Delftia rhizosphaerae RA6 (NR_157013)
58|
52

Delftia tsuruhatensis NBRC 16741 (NR_113870)

— Variovorax boronicumulans CRO 4-14 (KU297762)

r Acidovorax defluvii SQ93-2 (KC920983)

82|y Comamonas koreensis KCTC 12005 (NR_025107)

81). Comamonas piscis CN1 (NR_148635)

79

Cupriavidus necator JS705 (AF027407)

85
Collimonas sp. (KT005686)

Oxalobacter formigenes HC-1 (CP018787)

89

90

97

—— Escherichia coli K-12 MG1655 (CP032667)
Fig. 6.

Comamonas aquatilis SB30-Chr27-3 (NR_163656)

Herbaspirillum seropedicae SARCC-RB16g (HQ877486)

MARUYAMA et al.

SV19 Delftia sp. [Celtisaspis japonica (Carsidaridae: Pachypsyllinae)] (TAAE01000021)
= e.g. Delftia acidovorans NBRC 14950 (NR_113708)

SV25 Comamonas sp. [Celtisaspis japonica (Carsidaridae: Pachypsyllinae)] (TAAE01000027)

= e.g. Comamonas koreensis SMV215 (KT204471)

Polynucleobacter necessarius [Euplotes aediculatus (ciliate)] (X93019)

Ca. Profftella armatura [Diaphorina cf. continua (Psyllidae: diaphorininae)] (TAAA01000002)
Ca. Profftella armatura [Diaphorina lycii (Psyllidae: diaphorininae)] (TAAA01000003)
Ca. Profftella armatura [Diaphorina citri (Psyllidae: diaphorininae)] (CP003468 = TAAA01000001)
65 — Ca. Zinderia insecticola CARI [Clastoptera arizonana (spittlebug)] (CP002161)
100 — Ca. Vidania fulgoroideae HO1-V [Hyalesthes obsoletus (planthopper)] (FR686932)
Ca. Nasuia deltocephalinicola NAS-ALF [Macrosteles quadrilineatus (leafhopper)] (CP006059)
— Burkholderia sp. RPE66 [Riptortus pedestris (stinkbug)] (AB558210)

Ca. Tremblaya princeps PCIT [Planococcus citri (mealybug)] (CP002244)

Maximum likelihood phylogram of Burkholderiales. 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. Regarding
symbiotic bacteria, host organisms are shown in brackets. Symbionts of animals other than psyllids are shown in blue, while symbionts of psyllids
are shown in red. The sequence from the present study is shown in bold. DDBJ/EMBL/GenBank accession numbers are provided in parentheses.

Escherichia coli was used as an outgroup.

vasicola, which are pathogens of important agricultural
crops (Timilsina ez al., 2020) (Fig. 1 and Supplementary
Table S2).

Wolbachia of supergroups B and O

The analysis identified four SVs corresponding to distinct
lineages of Wolbachia (Alphaproteobacteria: Rickettsiales)
(Fig. 1 and 7, Supplementary Table S2), which are rickett-
sial bacteria found in various arthropods and nematodes
(Werren et al., 2008). Wolbachia lineages are currently clas-
sified into supergroups A—Q (Lindsey et al., 2016). Super-
groups A and B are the most widespread supergroups in
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arthropods, and most Wolbachia strains previously found in
psyllids belonged to supergroup B (Spaulding and von
Dohlen, 2001; Sloan and Moran, 2012; Arp et al., 2014;
Jain et al., 2017; Morrow et al., 2017; Chu et al., 2019;
Nakabachi et al., 2020a, 2022a, 2022b). In contrast, SV7,
which accounted for 26.9% of M. camphorae reads (Supple-
mentary Table S2), was 100% identical to the sequence of
Wolbachia belonging to supergroup O. This sequence was
recently detected in another psyllid species Trioza
cinnamomi (Triozidae), which was the first report of this
supergroup in Psylloidea (Nakabachi et al., 2022a). More-
over, the sequence was identical to that of Wolbachia
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0.1

Wolbachia <A> [Drosophila melanogaster(fly)] (EU096232)
88
Wolbachia <A> [Drosophila simulans(fly)] (CP001391)

Wolbachia <B> [Armadillidium vulgare(woodlouse)] (AJ133196)

Wolbachia <B> [Diaphorina citri Cacopsylla biwa, Cyamophila hexastigma Epiacizzia kuwayamai(Psyllidae),
Stenopsylla nigricornis (Triozidae)] (TAAA01000013,TAAB01000007-9, TAAC01000043)

{ 6§V1 1 Wolbachia [Celtisaspis japonica (Carsidaridae)] (TAAE01000013)

SV1 Wolbachia [Mesohomotoma camphorae, Tyora ornata, Homotoma unifasciata (Carsidaridae)] (TAAE01000001-3)
&2 = Wolbachia <B> [Diaphorina citrillycii, Psylla morimotoi (Psyllidae), Pauropsylla triozoptera (Triozidae)]
70 (TAAA01000005-6, TAAB01000045, TAAC01000019)

Wolbachia <B> [Diaphorina cf. continua (Psyllidae), Epitrioza yasumatsui, Leptynoptera sulfurea (Triozidae)]
53 (TAAA01000008, TAAC01000021-22)

50| Wolbachia <B> [Bactericera cockerelli(Triozidae)] (EF372596)
Wolbachia <B> Wolbachia [Leptynoptera sulfurea(Triozidae)] (TAAC01000035)

97

69| Wolbachia <B> [Diaphorina lycii(Psyllidae: Diaphorininae)] (TAAA01000011)

69/SV9 Wolbachia [Celtisaspis japonica (Carsidaridae)] (TAAE01000011)
= Wolbachia<B> [Nasonia vitripennis(parasitoid wasp)] (M84686)

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

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

{Wolbachia <C> [Onchocerca volvulus(nematode)] (HG810405)
60

Wolbachia <C> [Dirofilaria immitis(nematode)] (Z49261)

L Wolbachia <J> [Dipetalonema gracile(nematode)] (AJ548802)
Wolbachia <F> [Nasutitermes nigriceps(termite)] (DQ837204)
77Wolbachia <F> [Coptotermes acinaciformis(termite)] (DQ837197)
- Wolbachia <M> [Tuberolachnus salignus (aphid)] (JN384080)
r Wolbachia <M> [Cinara cedri(aphid)] (JN384058)
SV7 Wolbachia[Mesohomotoma camphorae (Carsidaridae)] (TAAE01000009) = Wolbachia <O> [Trioza cinnamomi (Trio

-zidae)] (TAAC01000013)= Wolbachia <O> [Kaburagia rhusicola, Schlechtendalia chinensis(aphid)] (MT554837, MT554838)
a1

95

Ca. Liberibacter asiaticus Ishi-1 (AP014595)
Fig. 7.

Wolbachia <O> [Bemisia tabaci(whitefly)] (MK157180)
57
Wolbachia <O> [Bemisia tabaci(whitefly)] (KF454771)

| Wolbachia <D> [Brugia malayi(nematode)] (NR_074571)
ﬁsﬁ/o/bachia <D> [Wuchereria bancrofti(nematode)] (AF093510)
L— Wolbachia <L> [Radopholus similis(nematode)] (EU833482)
Wolbachia <I> [Ctenocephalides felis(flea)] (AY335923)
{glaVolbachia <I> [Orchopeas leucopus(flea)] (AY335924)
Wolbachia <E> [Mesaphorura italica(springtail)] (AJ575104)

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

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, while 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.

detected in two aphid species, Kaburagia rhusicola
(MT554837) and Schlechtendalia chinensis (MT554838)
(Ren et al., 2020). The ML analysis placed the sequence
within a robustly supported clade (bootstrap: 91%) of
Wolbachia supergroup O (Fig. 7). All other Wolbachia
strains found in the present study (SV1, SV9, and SV11)
belonged to supergroup B (Fig. 7).

Discussion

The present study identified various bacterial populations
in six psyllid species of the family Carsidaridae collected in
Japan. Although distinct lineages of Carsonella were identi-
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fied in five psyllid species, essentially no sequence for
Carsonella was detected in M. camphorae (Fig. 1 and 2,
Supplementary Table S2). The universal primers suggested
by Ilumina (Illumina, 2013) tend to fail to detect AT-rich
16S rRNA genes of Carsonella (Fromont et al., 2017,
Morrow et al., 2017, 2020; Kwak et al., 2021). However,
the primer set used in the present study was modified to
detect sequences with a wider variety of G+C contents
(Supplementary Fig. S1) and successfully identified
Carsonella in diverse psyllid lineages (Nakabachi et al.,
2020a, 2022a, 2022b). Therefore, the present results may
imply the absence of Carsonella at least in the M.
camphorae individuals analyzed in the present study. How-
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ever, the failure of PCR detection may also be attributed to
other reasons, including exceptionally diverged nucleotide
sequences at primer annealing sites. Further studies,
including comprehensive histological analyses of a large set
of specimens from several sampling points, are required to
establish whether M. camphorae truly lacks Carsonella.

As shown in other psyllid lineages (Thao et al., 2000a;
Spaulding and von Dohlen, 2001; Sloan and Moran, 2012;
Hall et al., 2016; Morrow et al., 2017; Nakabachi et al.,
2020a, 2022a, 2022b; Kwak et al., 2021), the majority of
secondary symbionts identified in the present study belong to
Gammaproteobacteria, particularly the order Enterobacterales
(Fig. 1 and 3, Supplementary Table S2). These include
Arsenophonus, Sodalis, and Symbiopectobacterium, as well
as several lineages with ambiguous phylogenetic place-
ments. Although Arsenophonus and Sodalis are among the
symbionts most frequently observed in arthropod hosts
including psyllid lineages (Thao et al., 2000a; Spaulding
and von Dohlen, 2001; Hansen et al., 2007; Moran et al.,
2008; Sloan and Moran, 2012; Arp et al., 2014; Hall et al.,
2016; Morrow et al., 2017; Nakabachi ef al., 2022a, 2022b),
Symbiopectobacterium is the lineage identified for the first
time in Psylloidea. Arsenophonus have been found in
diverse insect groups, including wasps (Gherna et al., 1991;
Nadal-Jimenez et al., 2023), bees (Hymenoptera: Apoidea)
(Nadal-Jimenez et al., 2022a), aphids (Russell ef al., 2003;
Wulff and White, 2015; Tian et al, 2019; Zhang et al.,
2021; Yorimoto et al., 2022), psyllids (Spaulding and von
Dohlen, 1998, 2001; Subandiyah et al., 2000; Thao et al.,
2000a; Hansen et al., 2007; Hall et al., 2016; Morrow et al.,
2017; Nakabachi et al., 2022a, 2022b), whiteflies (Thao and
Baumann, 2004; Chiel et al., 2007; El Hamss et al., 2021),
triatomine bugs (Hemiptera: Heteroptera) (Hypsa and Dale,
1997), lice (Psocodea: Anoplura) (Sasaki-Fukatsu et al.,
2006; Allen et al., 2007; Kirkness et al., 2010), louse flies
(Dale et al., 2006; Novakova et al., 2009, 2016), and ticks
(Arachnida: Ixodida) (Grindle et al., 2003). The types of
symbiotic relationships with hosts exhibit a wide diversity
from parasitism (e.g. killing male progeny to drive the
spread of maternally inherited symbionts in the host popula-
tion [Gherna ef al., 1991]) through facultative mutualism
(e.g. increasing the host population growth rate possibly
through nutrient supplementation [Wulff and White, 2015;
Tian et al., 2019]) to bacteriome-associated obligate mutual-
ism in order to provide essential nutrients to the host (e.g.
essential amino acids and B vitamins for sap feeders and
blood feeders, respectively) (Dale et al., 2006; Sasaki-
Fukatsu et al., 2006; Allen et al., 2007; Novakova et al.,
2009, 2016; Kirkness et al., 2010; Yorimoto et al., 2022).
Phylogenetic analyses by Novakova et al. revealed two con-
trasting evolutionary patterns in Arsenophonus lineages:
random associations with distantly related hosts in diverse
insect taxa and host-symbiont co-cladogenesis in the line-
ages of lice and louse flies (Novakova ef al., 2009). These
findings imply at least two transitions from facultative
symbionts capable of infecting new host lineages to
obligate mutualists that have lost this ability. Sodalis symbionts
have also been found in various insect taxa, including tsetse
flies (Dale and Maudlin, 1999), weevils (Coleoptera:
Curculionoidea) (Toju et al., 2013; Oakeson et al., 2014),
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psyllids (Arp et al., 2014; Hall et al., 2016; Morrow et
al., 2017; Nakabachi et al., 2022b), scale insects (Dhami
et al., 2013; Husnik and McCutcheon, 2016), spittlebugs
(Hemiptera: Auchenorrhyncha: Cercopoidea) (Koga et al.,
2013; Koga and Moran, 2014), stinkbugs (Hemiptera:
Heteroptera) (Kaiwa et al., 2010), lice (Fukatsu et al,
2007), and louse flies (Novakova and Hypsa, 2007). Although
the symbiotic types of Sodalis vary, their main role appears
to be the provision of nutrients in many insect hosts
(McCutcheon et al., 2019). Sodalis symbionts were hypo-
thesized to have replaced more ancient antecedent sym-
bionts in spittlebugs (Koga et al., 2013; Koga and Moran,
2014) and weevils (Toju et al., 2013; Oakeson ef al., 2014).
Physiological and genomic analyses have suggested they
provide the hosts with nutrients formerly supplied by the
antecedents (Koga and Moran, 2014; Oakeson et al.,
2014). Since similar symbiont replacements by Sodalis
have been suggested in psyllid lineages (Nakabachi et al.,
2022b), their functional roles in Psylloidea are of interest.
The clade of Symbiopectobacterium was relatively recently
recognized in comparison to Arsenophonus and Sodalis
(Martinson et al., 2020). Bacteria belonging to this clade
have mainly been found in hemipteran insects. These
encompass not only plant-feeding taxa, including aphids,
mealybugs (Sternorrhyncha: Coccoidea) (Lopez-Madrigal et
al., 2014; Husnik and McCutcheon, 2016), leafthoppers
(Auchenorrhyncha: Membracoidea) (Nadal-Jimenez et al.,
2022b), spittlebugs (Koga et al., 2013), and seed bugs
(Heteroptera) (Kuechler ef al., 2011, 2012), but also blood-
feeding taxa, including kissing bugs (da Mota et al., 2012)
and bedbugs (both Heteroptera) (Hosokawa et al., 2010).
A recent analysis discovered Symbiopectobacterium in
the nematode Howardula aoronymphium (Secernentea:
Tylenchida) that parasitizes Drosophila flies (Diptera:
Drosophilidae) (Martinson et al., 2020). Symbiopectobacterium
symbionts are vertically transmitted through host genera-
tions, and lineages in mealybugs, seed bugs, and nematodes
were demonstrated to be obligate mutualists (Kuechler et
al., 2011, 2012; Husnik and McCutcheon, 2016; Martinson
et al., 2020). All of the clades of Arsenophonus (Zreik et al.,
1998; Bressan, 2014), Sodalis (Chari et al., 2015; Tlaskal et
al., 2021), and Symbiopectobacterium (Leite et al., 2023)
include lineages that have close associations with plants,
implying their evolutionary history of horizontal transfer
among insects, at least partly through plants. Since the phys-
iological and ecological roles of Arsenophonus, Sodalis, and
Symbiopectobacterium symbionts identified in Psylloidea
remain unknown, future studies need to focus on clarifying
their localization within the insect body (e.g. whether they
are harbored in the bacteriome) and their genomic structures
to obtain an understanding of their metabolic potential.
Regarding Wolbachia (Rickettsiales), the present study
identified three lineages belonging to supergroup B, the
major group in insect lineages, in four psyllid species.
Moreover, supergroup O, another Wolbachia lineage, which
is a relatively minor taxon and was recently found for the
first time in Psylloidea (Nakabachi et al., 2022a), was iden-
tified in M. camphorae. This implies that supergroup O is
widespread in Psylloidea, although it has only recently been
recognized. Wolbachia is among the most widely distributed
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symbionts worldwide, estimated to infect 40% of terrestrial
arthropods (Werren et al., 2008; Brinker et al., 2019).
Although limited lineages are recognized to be obligate
mutualists (Hosokawa et al., 2010), they are mostly para-
sites in insects, in which they manipulate host reproduction
to drive their dissemination (Werren et al., 2008; Brinker et
al., 2019). They induce resistance to various microbes,
including viruses and protozoans, in some insect taxa
(Brinker et al., 2019; Wang et al., 2021). Moreover, a
genome editing technique using the CRISPR-Cas9 system
to transform Wolbachia has recently been developed (Pelz-
Stelinski, 13 May 2021, United States Patent and Trademark
Office). Therefore, they are regarded as promising agents in
the control of pest insects and the microbes that they trans-
mit (Brinker er al., 2019; Pelz-Stelinski, 13 May 2021,
United States Patent and Trademark Office; Wang et al.,
2021). A high incidence of Wolbachia in pest psyllids
worldwide (Spaulding and von Dohlen, 2001; Sloan and
Moran, 2012; Arp et al., 2014; Chu et al., 2016, 2019;
Morrow et al., 2017; Nakabachi et al., 2020a, 2022b) and
the interactions observed between Wolbachia and other
symbionts (Chu ef al., 2016, 2019; Jain et al., 2017; Kruse
et al., 2017; Killiny, 2022) have led researchers to anticipate
using Wolbachia to manipulate pest psyllids (e.g. providing
them with resistance to plant pathogens) and/or plant patho-
gens (e.g. preventing them from infecting plants) (Chu et
al., 2016, 2019; Kruse et al., 2017; Pelz-Stelinski, 13 May
2021, United States Patent and Trademark Office). The
present study suggested the pervasive horizontal transmis-
sion of various Wolbachia strains among various insects,
including psyllids (Fig. 7). This implies that Wolbachia may
be artificially infected into psyllids, forming the basis for
the use of this bacterial group for application purposes.

Furthermore, the present study detected potential plant
pathogens, including Xanthomonas sp., in H. unifasciata.
Since H. unifasciata feeds on Ficus spp. (Moraceae), further
studies are warranted to establish whether the host plants are
infected with Xanthomonas and if the infection causes dis-
ease symptoms.

Conclusions

The present study identified various bacterial symbionts
in six psyllid species of the family Carsidaridae. The major-
ity of the secondary symbionts were gammaproteobacteria,
particularly those of the order Enterobacterales, including
Arsenophonus and Sodalis. In addition, Symbiopectobacterium,
another lineage belonging to Enterobacterales, was detected for
the first time in Psylloidea. Regarding non-Enterobacterales
gammaproteobacteria, Acinetobacter, Pseudomonas
(both  Pseudomonadales), Delftia, Comamonas (both
Burkholderiales), and Xanthomonas (Xanthomonadales), a
putative plant pathogen, were identified. Regarding alphap-
roteobacteria, three Wolbachia (Rickettsiales) lineages
belonging to supergroup B, the major group in insect line-
ages, were detected in four psyllid species. Moreover, a
Wolbachia lineage of supergroup O, a minor group that was
recently found for the first time in Psylloidea, was detected
in M. camphorae, suggesting that this supergroup is wide-
spread in Psylloidea. These results provide deeper insights
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into the interactions among insects, bacteria, and plants,
which will help establish a basis for the better control of
pest species.
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