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Many insects are associated with facultative symbiotic bacteria, and their infection 

prevalence provides an important clue to understand the biological impact of 

such microbial associates. Here we surveyed diverse stinkbugs representing 13 

families, 69 genera, 97 species and 468 individuals for Spiroplasma infection. 

Diagnostic PCR detection revealed that 4 families (30.8%), 7 genera (10.1%), 11 

species (11.3%) and 21 individuals (4.5%) were Spiroplasma positive. All the 21 

stinkbug samples with Spiroplasma infection were subjected to PCR amplification 

and sequencing of Spiroplasma’s 16S rRNA gene. Molecular phylogenetic 

analysis uncovered that the stinkbug-associated Spiroplasma symbionts were 

placed in three distinct clades in the Spiroplasmataceae, highlighting multiple 

evolutionary origins of the stinkbug-Spiroplasma associations. The Spiroplasma 

phylogeny did not reflect the host stinkbug phylogeny, indicating the absence 

of host-symbiont co-speciation. On the other hand, the Spiroplasma symbionts 

associated with the same stinkbug family tended to be related to each other, 

suggesting the possibility of certain levels of host-symbiont specificity and/or 

ecological symbiont sharing. Amplicon sequencing analysis targeting bacterial 

16S rRNA gene, FISH visualization of the symbiotic bacteria, and rearing 

experiments of the host stinkbugs uncovered that the Spiroplasma symbionts 

are generally much less abundant in comparison with the primary gut symbiotic 

bacteria, localized to various tissues and organs at relatively low densities, and 

vertically transmitted to the offspring. On the basis of these results, we conclude 

that the Spiroplasma symbionts are, in general, facultative bacterial associates of 

low infection prevalence that are not essential but rather commensalistic for the 

host stinkbugs, like the Spiroplasma symbionts of fruit flies and aphids, although 

their impact on the host phenotypes should be evaluated in future studies.
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Introduction

Diverse insects are generally in symbiotic association with microorganisms (Buchner, 
1965; Bourtzis and Miller, 2003). Some symbionts are obligatory microbial partners 
essential for their hosts via helping digestion, supplementing essential nutrients, or 
undertaking other important biological roles (Moran et al., 2008; Douglas, 2009; Brune, 
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2014). Other symbionts are facultative microbial associates 
affecting their hosts either positively via conferring context-
dependent benefits such as defense against natural enemies, 
resistance against parasites and pathogens, tolerance against 
abiotic stressors, etc. (Flórez et al., 2015; Van Arnam et al., 2018; 
Lemoine et  al., 2020), neutrally with no apparent phenotypic 
consequences, or negatively via reducing host growth, survival 
and/or fecundity in a variety of ways (Oliver et  al., 2010; 
Feldhaar, 2011).

Members of the alphaproteobacterial genus Wolbachia are 
known as the most widespread facultative symbiotic bacteria of 
insects and other arthropods (Werren et al., 2008; Kaur et al., 
2021). While Wolbachia symbionts are famous for their capabilities 
of manipulating host reproduction by inducing cytoplasmic 
incompatibility, parthenogenesis, feminization or male-killing 
(Werren et al., 2008; Kaur et al., 2021), which generally affect the 
host fitness negatively, some Wolbachia strains were reported to 
entail positive fitness consequences via conferring resistance to 
pathogen infections (Hedges et al., 2008; Teixeira et al., 2008), 
supplying essential nutrients (Hosokawa et al., 2010; Nikoh et al., 
2014; Moriyama et al., 2015), or slightly enhancing growth and/or 
fecundity often in a context-dependent manner (Zug and 
Hammerstein, 2015). In addition, the diverse insects may also host 
such facultative symbiotic bacteria as Rickettsia, Cardinium, 
Sodalis, Arsenophonus, Spiroplasma, etc. (Zchori-Fein and 
Perlman, 2004; Perlman et al., 2006; Duron et al., 2008; Nováková 
et  al., 2009; Hosokawa et  al., 2015). In comparison with the 
extensively compiled data on the infection prevalence and 
diversity of Wolbachia in natural host species and populations (ex. 
Zug and Hammerstein, 2012; Gerth et al., 2014), it has been less 
explored and still to be established how these facultative microbial 
associates other than Wolbachia are prevalent in the natural host 
diversity (Duron et al., 2008).

Members of the bacterial genus Spiroplasma, belonging to the 
class Mollicutes of the phylum Tenericutes (or Mycoplasmatota as 
recently proposed; see Oren and Garrity, 2021), are, typically, helical 
in shape, actively motile, and lacking outer cell wall (Gasparich 
et al., 2020). Initially, they were described as plant disease agents 
S. kunkeli for corn stunt disease (Davis et al., 1972) and S. citri for 
citrus stubborn disease (Saglio et al., 1973), then identified as male-
killing sex ratio distorters of fruit flies (Poulson and Sakaguchi, 
1961) later named S. poulsonii (Williamson et al., 1999), and thus far 
recognized as widely associated with diverse insects and other 
terrestrial arthropods (Clark, 1982), and more recently, also found 
from aquatic invertebrates including crustaceans, sea cucumbers 
and jellyfish (Nunan et al., 2005; Wang et al., 2005, 2011; He et al., 
2017; Viver et al., 2017). Of the diverse Spiroplasma species and 
strains, some were reported as either highly or weakly pathogenic 
to plants, insects and crustaceans (Daniels, 1983; Fukatsu et al., 
2001; Wang et al., 2005; Simon et al., 2011), some were shown to 
provide their hosts with defensive benefit against parasitic wasps, 
nematodes and fungi (Jaenike et al., 2010; Xie et al., 2010; Łukasik 
et al., 2013; Xie et al., 2014), some were noted for causing prominent 
male-killing phenotypes in flies, lady beetles, butterflies, moths, 

planthoppers and aphids (Jiggins et al., 2000; Hurst et al., 2003; 
Haselkorn, 2010; Simon et al., 2011; Sanada-Morimura et al., 2013), 
but the remaining majority are recognized solely by PCR detection 
and/or sequencing of bacterial gene fragments, with little biological 
information being available (Anbutsu and Fukatsu, 2011; Ballinger 
and Perlman, 2019).

In this context, stinkbugs (Hemiptera: Pentatomoidea) 
represent a notable insect group in that their obligatory and 
facultative symbiotic bacteria have been well surveyed at species 
and population levels (Kikuchi and Fukatsu, 2003; Matsuura et al., 
2012; Hosokawa et al., 2015, 2016). The majority of plant-sucking 
stinkbugs develop a midgut symbiotic organ consisting of an 
assemblage of numerous sac- or tube-like crypts, whose inner 
cavities harbor a dense population of specific symbiotic bacteria 
(Buchner, 1965; Salem et al., 2015; Takeshita and Kikuchi, 2017). 
These gut symbionts are generally indispensable for normal 
growth, survival and/or reproduction of the host stinkbugs, being 
mutualistic microbial associates whose biological roles are 
presumed as provisioning of essential amino acids, vitamins and 
other metabolites to their hosts (Nikoh et al., 2011; Kaiwa et al., 
2014; Salem et al., 2014). In addition to the primary gut symbiotic 
bacteria, these stinkbugs are also infected with such facultative 
symbiotic bacteria as Wolbachia, Sodalis, Rickettsia, Spiroplasma, 
Lariskella, and others. Of these, extensive infection surveys have 
been conducted for Wolbachia, Sodalis and Lariskella (Kikuchi 
and Fukatsu, 2003; Matsuura et al., 2012; Hosokawa et al., 2015), 
whereas Spiroplasma and Rickettsia have been detected in a few 
stinkbug species (Kikuchi et al., 2009; Caspi-Fluger et al., 2014; 
Matsuura et al., 2014; Amiri et al., 2020; Dally et al., 2020).

In this study, we surveyed diverse stinkbugs representing 13 
families, 69 genera, 97 species and 468 individuals for Spiroplasma 
infection, thereby elucidating the infection frequency and the 
diversity of Spiroplasma associated with the stinkbugs. The 
Spiroplasma-positive stinkbug samples were subjected to molecular 
phylogenetic analysis and amplicon sequencing analysis targeting 
bacterial 16S rRNA gene, which uncovered sporadic and facultative 
nature of the stinkbug-Spiroplasma associations in general. In a 
stinkbug species that exhibited frequent Spiroplasma infection in 
natural populations, we investigated infection prevalence, vertical 
transmission and in vivo localization of Spiroplasma in detail.

Materials and methods

Insect materials

The stinkbug samples examined in this study are listed 
(Supplementary Tables S1, S2). Laboratory strains of the pea aphid 
Acyrthosiphon pisum (Spiroplasma negative) and the fruit fly 
Drosophila melanogaster (Spiroplasma positive and negative) were 
used as negative and positive control samples for Spiroplasma 
detection (Supplementary Table S3). The stinkbugs were collected 
in the field, of which some were preserved in acetone or 99% 
ethanol, some were preserved in ultracold freezers at –80°C, and 
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others were freshly dissected in phosphate buffered saline (PBS) 
under a dissection microscope using fine forceps and razor blades. 
The white-spotted stinkbug Eysarcoris ventralis was maintained on 
sunflower seeds and water containing 0.05% ascorbic acid at 25°C 
under a long-day condition of 16 h light and 8 h dark.

DNA sample preparation

After surface sterilization with 70% ethanol, the stinkbug 
samples were individually subjected to DNA extraction using 
QIAamp DNA mini kit (Qiagen). For relatively large insects 
(larger than 5 mm in size), the dissected alimentary tract was 
subjected to DNA preparation, whereas for relatively small insects 
(about 5 mm or smaller in size), the whole body was subjected to 
DNA preparation. For each sample, the dissected alimentary tract 
or the whole body was homogenized and digested in a lysis buffer 
containing proteinase K, purified using a spin column, and 
recovered with an elution buffer. For the initial proteinase K 
digestion, 200 μl of lysis buffer was used for most samples. For 
some samples large in size, 1,000 μl of lysis buffer was used for 
digestion and an aliquot (100–200 μl depending on the tissue size) 
was applied to the spin column for purification. The DNA samples 
were recovered with 200 μl of elution buffer, which were used as 
PCR templates without further dilution.

Diagnostic PCR screening of Spiroplasma

Diagnostic PCR specifically targeting 16S rRNA gene of 
Spiroplasma was performed with the primers 16SA1 (5′-AGA 
GTT TGA TCM TGG CTC AG-3′; Fukatsu and Nikoh, 1998) and 
SpR5 (5′- CTG CAG CAC CGA ACT TAG TC-3′; Bastian and 
Foster, 2001) under the temperature profile of 98°C for 1 min 
followed by 30 cycles of 98°C for 10 s, 55°C for 15 s and 68°C 
for 45 s.

Sequencing of 16S rRNA gene of 
Spiroplasma

For sequencing of 1.5 kb region of Spiroplasma 16S rRNA 
gene, in addition to the 0.8 kb region amplified by the primers 
16SA1 and SpR5, a partially overlapping 0.9 kb region amplified 
by the primers SpF (5′- GCG CAG ACG GTT TAA CAA G-3′; 
Alexeeva et al., 2006) and 16SB1 (5’-TAC GGY TAC CTT GTT 
ACG ACT T-3′; Fukatsu and Nikoh, 1998) was directly sequenced 
as described previously (Kakizawa and Kamagata, 2014). The 
nucleotide sequences determined in this study were deposited in 
the DNA Data Bank of Japan1 under accession numbers 
LC685076- LC685096 (Supplementary Table S1).

1 http://www.ddbj.nig.ac.jp/index-e.html

Molecular phylogenetic analysis

Multiple alignments were generated by the program Clustal 
Omega (Sievers et al., 2011). Ambiguously aligned nucleotide sites 
were manually removed. Phylogenetic analyses were conducted by 
maximum likelihood and neighbor-joining methods. The 
nucleotide substitution models were selected using MEGA version 
X (Kumar et al., 2018). Maximum likelihood trees and neighbor-
joining trees were constructed by using MEGA version 
X. Bootstrap values were obtained with 1,000 replications.

Amplicon sequencing analysis

The stinkbugs and other insect samples subjected to amplicon 
sequencing of bacterial 16S rRNA gene are listed 
(Supplementary Tables S3, S4). The V3-V4 region of bacterial 16S 
rRNA gene was amplified by the 2-step tailed PCR method as 
follows. The 1st PCR was performed with the primers 1st-341f_
MIX (5′-ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA 
TCT -NNN NN-C CTA CGG GNG GCW GCA G-3′; Muyzer 
et al., 1993) and 1st-805r_MIX (5′-GTG ACT GGA GTT CAG 
ACG TGT GCT CTT CCG ATC T-NN NNN- GAC TAC HVG 
GGT ATC TAA TCC-3′; Herlemann et  al., 2011) under the 
temperature profile of 94°C for 2 min followed by 30 cycles of 
94°C for 30 s, 50°C for 30 s and 72°C for 30 s, followed by 72°C for 
5 min. PCR was performed with either ExTaqHS polymerase 
(TaKaRa) or TksGflex polymerase (TaKaRa). PCR products were 
purified with AMPure XP magnetic beads (BECKMAN 
COULTER). The 2nd PCR was performed with the primers 2ndF 
(5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC AC -Index2- 
ACA CTC TTT CCC TAC ACG ACG C-3′) and 2ndR (5′-CAA 
GCA GAA GAC GGC ATA CGA GAT -Index1- GTG ACT GGA 
GTT CAG ACG TGT G-3′) using ExTaqHS polymerase under the 
temperature profile of 94°C for 2 min followed by 10 cycles of 
94°C for 30 s, 60°C for 30 s and 72°C for 30 s, followed by 72°C for 
5 min. Index1 and Index2 sequences were according to the 
Nextera XT Index Kit (Illumina). The 2nd PCR was for adding 
sequence indexes and tags for Illumina sequencing, and the cycles 
were minimized to reduce PCR-derived biases. The PCR products 
were purified with AMPure XP. Quantity of the library was 
analyzed by Synergy H1 with QuantiFluor dsDNA System 
(BioTek), and quality of the library was analyzed by Fragment 
Analyzer with dsDNA 915 Reagent Kit (Advanced Analytical 
Technologies). Finally, the library was sequenced on an Illumina 
MiSeq system with MiSeq Reagent Kit v3 (Illumina) that 
generated 2 × 300 bp paired end reads. The sequence data were 
analyzed as follows. First, the reads matching to the primer 
sequences were extracted by fastx_barcode_splitter tool of 
FASTX-Toolkit (ver. 0.0.14). The primer sequences were removed 
from all the reads by fastx_trimer of FASTX-Toolkit. Low quality 
reads were removed using sickle (ver. 1.33) based on the quality 
score 20, and reads shorter than 130 bp were also removed. All 
paired reads were combined using FLASH (ver.1.2.11) script 
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based on >10-bp overlapping criteria. Subsequently, chimeric 
sequences were removed using the dada2 plugin of QIIME2 
(ver.2021.4). In QIIME2, the chimeric-filtered sequences were 
clustered into operational taxonomic units (OTUs) using 
EzBioCloud 16S database.2 The OTUs were tabulated on each 
taxonomic level from phylum to genus and their relative 
abundances were calculated using a workflow script in QIIME2. 
All the above procedures were performed by Bioengineering Lab. 
Co., Ltd. (Kanagawa, Japan).

Fluorescence in situ hybridization

Whole-mount fluorescence in situ hybridization (FISH) 
targeting bacterial 16S rRNA of Spiroplasma symbiont was 
performed as described previously (Matsuura et al., 2014). The 
dissected insect tissues were fixed in 4% paraformaldehyde 
solution in PBS for 3 h and then thoroughly washed three times in 
PBST (0.2% Tween20  in PBS). The fixed insect tissues were 
washed twice in a hybridization buffer (20 mM Tris–HCl, 0.9 M 
NaCl, 0.01% SDS, 30% formamide). For detection of Spiroplasma 
symbiont, the probe Spr403 (5′- AlexaFluor 555 - TAC TTA CTG 
TTC TTC CCT TAC A-3′; Matsuura et  al., 2014) was used. 
Samples were incubated overnight at room temperature in the 
hybridization buffer containing 50 nM of the probe. After washed 
twice in PBST, nuclear DNA were stained with 4.5 μM of 
4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) 
for 1 h at room temperature, and then washed with PBT again 
(Koga et  al., 2012). Samples were washed twice in PBST and 

2 https://www.ezbiocloud.net

mounted in 50% glycerol solution in PBS and observe a laser 
scanning confocal microscope (LSM 700, Carl Zeiss, Germany).

Results

Screening of Spiroplasma infection 
among diverse stinkbugs

Our large collection of stinkbug samples, consisting of 13 
families, 69 genera, 97 species and 468 individuals 
(Supplementary Table S1), were subjected to diagnostic PCR 
detection of Spiroplasma infection. Of these, 4 families (30.8%), 7 
genera (10.1%), 11 species (11.3%) and 21 individuals (4.5%) were 
diagnosed as Spiroplasma positive (Table 1). The following species 
contained Spiroplasma positive samples: Riptortus pedestris (1/1, 
Alydidae); Acanthosoma denticaudum (1/1, Acanthosomatidae); 
Acanthosoma forficula (1/1, Acanthosomatidae); Acanthosoma 
labiduroides (1/1, Acanthosomatidae); Acanthosoma spinicolle 
(3/3, Acanthosomatidae); Adomerus triguttulus (3/11, Cydnidae); 
Macroscytus japonensis (2/7, Cydnidae); Eurydema dominulus 
(1/10, Pentatomidae); Eurydema rugosa (1/17, Pentatomidae); 
Eysarcoris ventralis (6/7, Pentatomidae); and Gonopsis affinis  
(1/4, Pentatomidae) (Supplementary Table S1). These results 
suggested that, although not conclusive due to limited sample 
sizes, the Spiroplasma symbionts are, in general, facultative 
microbial associates of the stinkbugs.

Phylogenetic placement of Spiroplasma 
strains detected from diverse stinkbugs

All the 21 stinkbug samples positive of Spiroplasma infection 
were subjected to PCR amplification and sequencing of 1.5 kb 
region of 16S rRNA gene of Spiroplasma. The 16S rRNA gene 
sequences were subjected to molecular phylogenetic analysis 
together with Spiroplasma and allied bacterial sequences retrieved 
from GenBank and other DNA databases. The Spiroplasma 
symbionts detected from the stinkbugs were placed in either of the 
clades “S. citri,” “S. poulsoni” or “S. minum” (sensu Barré et al., 
2004; Paredes et al., 2015; Ballinger and Perlman, 2019) in the 
family Spiroplasmataceae, the class Mollicutes, and the phylum 
Tenericutes (or Mycoplasmatota) (Figure 1). Note that Spiroplasma 
symbionts previously reported from stinkbugs also fell in these 
clades: the clade “S. poulsoni” for the coffee stinkbug Antestiopsis 
thunbergii (Pentatomidae) (Matsuura et al., 2014) and the clade 
“S. mirum” for the corn stinkbug Eurygaster integriceps 
(Scutelleridae) (Amiri et  al., 2020). Globally, the phylogenetic 
relationship of the Spiroplasma symbionts did not reflect the 
phylogenetic relationship of the host stinkbugs. On the other 
hand, the Spiroplasma symbionts associated with the same 
stinkbug family tended to be  related to each other: all the 
symbionts of cydnid stinkbugs were placed in the “S. minum” 
clade; almost all the symbionts of pentatomid stinkbugs were 

TABLE 1  Summary of Spiroplasma detection from diverse stinkbugs 
representing 4 superfamilies, 13 families, 69 genera, 97 species and 
468 individuals.

Superfamily Family Genus Species Individual

Spiroplasma-positive taxa/taxa examined

Coreoidea Alydidae 1/1 1/1 1/1

Coreidae 0/6 0/6 0/10

Lygaeoidea Lygaeidae 0/1 0/1 0/1

Rhyparochromidae 0/1 0/1 0/2

Pyrrhocoroidea Pyrrhocoridae 0/1 0/1 0/1

Pentatomoidea Acanthosomatidae 1/4 4/10 6/25

Cydnidae 2/3 2/5 5/31

Dinidoridae 0/1 0/1 0/17

Parastrachiidae 0/1 0/1 0/6

Pentatomidae 3/38 4/53 9/297

Plataspidae 0/2 0/4 0/6

Scutelleridae 0/8 0/10 0/64

Urostylididae 0/2 0/3 0/7

Total 7/69 11/97 21/468

For detail, see Supplementary Table S1.
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placed in the “S. citri” clade; and the symbionts of acanthosomatid 
stinkbugs were placed either in the “S. poulsonii” clade or the 
“S. citri” clade; (Figure 1). Furthermore, different individuals of 
the same stinkbug species tended to be associated with the same 
Spiroplasma symbiont as in A. triguttulus, M. japonensis and 
E. ventralis, although A. spinicolle represented an exceptional case 
(Figure 1).

Microbiome of stinkbugs with and 
without Spiroplasma infection

From 19 stinkbug samples, of which 8 and 11 were Spiroplasma 
positive and negative, respectively, the alimentary tracts were 
dissected and subjected to amplicon sequencing analysis of the 
V3-V4 region of bacterial 16S rRNA gene, with aphids and fruit 
flies as negative and positive control samples. Spiroplasma reads 
were specifically detected from the 8 Spiroplasma positive stinkbug 
samples (Figure  2; Supplementary Table S3), confirming the 
results of diagnostic PCR and molecular phylogenetic analysis 
(Supplementary Table S1; Figure  1). Reflecting the fact that 
stinkbugs generally harbor specific gut symbionts in their midgut 
symbiotic organ (Salem et  al., 2015; Hosokawa et  al., 2016; 
Takeshita and Kikuchi, 2017), the Spiroplasma reads generally 
occupied only a very small fraction of the total reads, ranging 
from 0.07 to 4.23%, with an exceptional case of 23.02% in 
R. pedestris (Figure 2; Supplementary Table S3). Phylum-, order- 
and family-level assignments of the reads verified that the majority 
of the reads were certainly derived from the gut symbionts of the 
stinkbugs: the Betaproteobacteria (= Burkholderia) dominant in 
R. pedestris (Coreoidea: Alydidae) (cf. Kikuchi et al., 2011); the 
Firmicutes (or Bacillota) (= Clostridium, Lactococcus) and  
the Actinobacteria (or Actinomycetota) (Coriobacterium, 
Gordonibacter) dominant in Pyrrhocoris sinuaticollis 
(Pyrrhocoroidea: Pyrrhocoridae) (cf. Sudakaran et al., 2012); and 
the Gammaproteobacteria (= Enterobacteriales) dominant in the 
other stinkbugs (Pentatomoidea: Acanthosomatidae, 
Pentatomidae, Scutelleridae and Urostylididae) (cf. Kikuchi et al., 
2009; Kaiwa et  al., 2014; Hosokawa et  al., 2016, 2019) 
(Supplementary Tables S5–S7).

Infection prevalence, vertical 
transmission, and in vivo localization of 
Spiroplasma in Eysarcoris ventralis

Among the 11 Spiroplasma positive stinkbug species, 
we focused on the white-spotted stinkbug E. ventralis (Figure 3A), 
because this species was maintainable on sunflower seeds in the 
laboratory at least for some period and exhibited a high 
Spiroplasma infection rate (6/7 = 85.7%) in our initial screening 
(Supplementary Table S1). We  additionally collected 25 
individuals of E. ventralis from 4 localities in Japan 
(Supplementary Table S2), and the insects were subjected to a 

series of experiments. Diagnostic PCR of dissected tissues and 
organs of E. ventralis (Figures 3B,C) identified a high Spiroplasma 
infection rate (22/25 = 88.0%; Supplementary Table S2). In some 
samples, Spiroplasma infection was not detected from the 
dissected midgut symbiotic organ but identified from the rest of 
the insect body, suggesting that Spiroplasma is mainly distributed 
among other tissues and organs than the midgut symbiotic organ 
(Supplementary Table S2). An adult female (= Ibaraki1; 
Supplementary Table S2) laid an egg mass in the laboratory, the 
hatchlings were reared on sunflower seeds, three newborn nymphs 
and three adults were subjected to diagnostic PCR, and all the 
insects were diagnosed as Spiroplasma positive 
(Supplementary Table S2). These results strongly suggested that 
Spiroplasma is passed to the next generation vertically in 
E. ventralis. We  dissected three individuals of E. ventralis (= 
Okinawa2, Okinawa3 and Ibaraki15), and the dissected tissue 
samples were subjected to amplicon sequencing analysis of 
bacterial 16S rRNA gene. While the proteobacterial gut symbiont 
was predominant in the dissected midgut samples, Spiroplasma 
was dominant in all the other tissue samples (Figure  3D; 
Supplementary Tables S8–S10), suggesting that Spiroplasma 
infection is found throughout the body parts of E. ventralis.

Finally, we  additionally collected five adult insects of 
E. ventralis, and their dissected tissues were subjected to FISH 
visualization of Spiroplasma cells (Supplementary Table S2). FISH 
signals were detected from all the insects, but density of the signals 
varied among individuals. In the fat body, intracellular signals 
were consistently detected, although distribution and density of 
the signals were quite variable (Figures  3E,F). In the midgut 
symbiotic organ, intracellular signals were scarcely observed, 
whereas sporadic signals outside the crypts were occasionally 
found, which might represent Spiroplasma cells in the hemolymph 
(Figures 3G,H).

Discussion

In this study, we surveyed diverse stinkbugs representing 13 
families, 69 genera, 97 species and 468 individuals for Spiroplasma 
symbionts. Thus far, Spiroplasma infections have been detected 
from diverse insects and other arthropods, plants, and some 
marine invertebrates (Anbutsu and Fukatsu, 2011; Ballinger and 
Perlman, 2019; Gasparich et  al., 2020), but large-scale data of 
infection prevalence in natural host populations have been 
reported only in a few cases. To our knowledge, 10/136 (7.4%) 
species and 76/2052 (3.7%) individuals of diverse arthropods 
(Duron et al., 2008), 6/19 (31.6%) species and 284/2907 (9.8%) 
individuals of fruit flies (Watts et al., 2009), and 1/21 (11.3%) 
species and 24/566 (4.2%) individuals of aphids (Romanov et al., 
2020) represent such reports. In comparison with these previous 
studies, our results that 11/97 (11.3%) species and 21/468 (4.2%) 
individuals of stinkbugs were Spiroplasma positive (Table  1; 
Supplementary Table S1) seem to present similar and relatively 
low infection rates, supporting the notion that the Spiroplasma 
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symbionts are facultative microbial associates of insects and other 
arthropods in general.

Here it should be  noted that the low detection rates of 
Spiroplasma in field-collected stinkbugs may entail under-
estimation for the following reasons. (i) Limited sample size: Since 
a limited number of samples, often a single specimen, were 
examined for each host species, Spiroplasma infections at low 
levels in natural host populations may be frequently overlooked. 
(ii) Fluctuating symbiont density: Facultative symbionts generally 
exhibit relatively low infection densities, the infection densities 
may drastically vary depending on environmental conditions, and 
thus samples with very low infection density may be diagnosed as 

Spiroplasma negative. (iii) PCR efficiency, specificity and 
sensitivity: Primer and amplicon sizes may affect PCR efficiency, 
specificity and sensitivity. We  note that the amplicon size of 
diagnostic PCR, 0.8 kb, adopted in this study is relatively large, 
which may be  less efficient for Spiroplasma detection in 
comparison with 0.2–0.5 kb amplicons that are commonly used 
for diagnostic PCR. In contrast to the possibility of false negatives, 
all the Spiroplasma infections detected from 21 stinkbug species 
in this study are true positives on the ground that they were 
confirmed by gene sequencing.

Amplicon sequencing of bacterial 16S rRNA gene revealed 
that the Spiroplasma symbionts are quantitatively minor in 

FIGURE 1

Phylogenic relationship of Spiroplasma symbionts detected from diverse stinkbugs based on 16S rRNA gene sequences. A maximum-likelihood 
phylogeny inferred from 1,632 aligned nucleotide sites is shown. Bootstrap support probabilities were obtained from 1,000 resamplings, of which 
the values of 80% or higher are shown at the nodes in the order of maximum likelihood/neighbor joining. Asterisks indicate support values lower 
than 80%. For each bacterial sequence, host-related information in parentheses and accession number in brackets are shown. The Spiroplasma 
sequences detected from stinkbugs in this study are highlighted in red, the Spiroplasma sequences detected from stinkbugs in previous studies 
(Matsuura et al., 2014; Amiri et al., 2020) are highlighted in blue, and the other sequences of Spiroplasma and allies retrieved from the databases 
are shown in black. The major Spiroplasma clades are depicted on the right side according to previously published papers (Paredes et al., 2015; 
Ballinger and Perlman, 2019) and the MolliGen database (Barré et al., 2004). On the right side, host stinkbug families for the Spiroplasma positive 
samples are also displayed.
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comparison with the primary gut symbionts (Figure  2), 
confirming the notion that the Spiroplasma symbionts are 
facultative microbial associates of relatively low infection densities 
in the stinkbugs. On the other hand, in dissected tissues and body 
parts containing no midgut symbiotic organ, the Spiroplasma 
symbionts were detected as a major bacterial component 
(Figure  3D). The apparent Spiroplasma predominance in the 
dissected tissues is likely due to the absence of other bacteria 
rather than high Spiroplasma density in these tissues. In 
combination with the FISH observations (Figures 3E–H), these 
results suggest that the Spiroplasma symbionts are distributed in 
various tissues and organs at relatively low densities, at least in 
E. ventralis, like many other facultative symbiotic bacteria of 
insects and other arthropods (Oliver et al., 2010; Feldhaar, 2011).

Molecular phylogenetic analysis uncovered that the stinkbug-
associated Spiroplasma symbionts are placed in at least three 
distinct clades in the Spiroplasmataceae (Figure 1), highlighting 
multiple evolutionary origins of the stinkbug-Spiroplasma 
associations. Obviously, the Spiroplasma phylogeny does not 
reflect the host stinkbug phylogeny (Figure  1), indicating the 
absence of host-symbiont co-speciation. On the other hand, the 
Spiroplasma symbionts associated with the same stinkbug family 
tend to be phylogenetically related to each other (ex. “S. mirum” 
with Cydnidae, “S. poulsonii” with Acanthosomatidae; see 
Figure 1). These patterns can be accounted for by the following 
ecological, physiological and/or evolutionary processes. (i) 
Physiological host specificity: Closely-related host insects may 
provide similar intra-host conditions for symbiotic bacteria, 

which may promote the preferential association of specific 
symbiont genotypes to specific host taxa. (ii) Ecological symbiont 
sharing mediated by horizontal symbiont transfers via common 
host plants: Closely-related host insects tend to use the same 
group of food plants, and plant-mediated symbiont transfers may 
cause the preferential association of specific symbiont genotypes 
to specific host taxa. It should be noted that plant-pathogenic 
Spiroplasma species are generally vectored by plant-sucking 
hemipteran insects (Gasparich et al., 2020) and some facultative 
symbionts of whiteflies and leafhoppers, such as Rickettsia, 
Cardinium and Wolbachia, have been reported to be horizontally 
transmitted via plants (Caspi-Fluger et al., 2014; Chrostek et al., 
2017). (iii) Ecological symbiont sharing mediated by horizontal 
symbiont transfers via common parasites: Closely-related host 
insects tend to be exploited by common parasites, and parasite-
mediated symbiont transfers may result in the preferential 
association of specific symbiont genotypes to specific host taxa. 
Previous studies reported that parasitoid wasps and blood-sucking 
mites may mediate such horizontal symbiont transmission 
(Jaenike et al., 2007; Gehrer and Vorburger, 2012). In fact, the 
evolutionary dynamics of the stinkbug-Spiroplasma associations 
seems likely to have been shaped by combination of these 
processes, which should be pursued in more depth in the future.

The large-scale infection prevalence data of Spiroplasma in 
stinkbugs are of particular interest in that such data have been also 
collected for other facultative symbionts, Wolbachia and Sodalis, in 
diverse stinkbugs (Kikuchi and Fukatsu, 2003; Hosokawa et al., 
2015), which provide an opportunity to examine how different 

FIGURE 2

The relative abundance of the top seven bacterial phyla detected from stinkbugs and other insects by 16S rRNA gene amplicon sequencing. The 
phylum Tenericutes (or Mycoplasmatota) corresponds to Spiroplasma. The insect names in red indicate Spiroplasma positive ones. Sample 
numbers are shown in parentheses (Supplementary Table S1).
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facultative symbiotic bacteria exhibit their specific infection 
patterns in the same host insect group. The infection frequency 
patterns are largely similar across the distinct symbiotic bacteria, 
Wolbachia, Sodalis and Spiroplasma: most stinkbug species were 
symbiont negative, some species exhibited intermediate infection 
frequencies, and several species showed 100% symbiont infection 
(Supplementary Figure S1). The predominance of the 

symbiont-free stinkbug species strongly suggests that the facultative 
symbiotic bacteria are generally not essential for the host stinkbugs. 
The intermediate infection frequencies may be  realized by 
symbiont-mediated cytoplasmic incompatibility as known for 
many Wolbachia strains (Werren et al., 2008; Kaur et al., 2021), by 
symbiont-mediated defense against parasites and/or pathogens as 
known for some Wolbachia and Spiroplasma strains (Flórez et al., 

A
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FIGURE 3

Spiroplasma symbiont associated with the white-spotted stinkbug Eysarcoris ventralis. (A) An adult insect. (B) Dissected abdomen. (C) Isolated 
alimentary tract. Abbreviations: M3, midgut third section; M4, midgut fourth section as the symbiotic organ; M4b, bulb-like section connected to 
M4 (see Oishi et al., 2019; Moriyama et al., 2022). (D) The relative abundance of the top seven bacterial phyla detected from three individuals of 
E. ventralis by 16S rRNA gene amplicon sequencing. The phylum Tenericutes (or Mycoplasmatota) corresponds to Spiroplasma. The sample names 
in the same color indicate those derived from the same insect individual. (E–H) FISH localization of Spiroplasma symbiont in fat body (E,F) and 
midgut symbiotic organ (G,H) of E. ventralis. (E,F) represent images derived from different individuals, so do (G,H). Red signals represent 
Spiroplasma cells visualized by FISH whereas blue signals show insect nuclear DNA visualized by DAPI staining.
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2015; Ballinger and Perlman, 2019), or by symbiont-mediated 
fitness facilitation as known for a variety of facultative symbiotic 
bacteria (Oliver et al., 2010; Zug and Hammerstein, 2015). The 
fixed symbiont infections in a limited number of host species may 
have been maintained by symbiont-induced cytoplasmic 
incompatibility as known for diverse Wolbachia strains (Werren 
et  al., 2008; Kaur et  al., 2021), or by fitness improvement via 
nutritional supplementation as known for Wolbachia of bedbugs 
(Hosokawa et al., 2010; Nikoh et al., 2014; Moriyama et al., 2015) 
and Sodalis pierantonius in grain weevils (Oakeson et al., 2014; 
Vigneron et  al., 2014). What mechanisms underpin the 100% 
infections with Wolbachia and Sodalis in several stinkbug species 
(Supplementary Figures S1A,B) is currently unknown and to 
be  examined in future studies. Notably, no stinkbug species 
exhibited 100% infection with Spiroplasma in this study 
(Supplementary Figure S1C). To our knowledge, no Spiroplasma 
symbionts have been reported to exhibit 100% infection rates in 
natural arthropod populations (Duron et al., 2008; Watts et al., 
2009; Anbutsu and Fukatsu, 2011; Romanov et al., 2020). These 
observations suggest the possibility that, although speculative, 
Spiroplasma might be  inherently unlikely to evolve essential 
mutualism with arthropod hosts. This may be relevant to the fact 
that the genomes of Spiroplasma and allied bacteria, constituting 
the class Mollicutes, are highly reduced ancestrally, being devoid of 
most of the metabolic genes needed for establishment of nutritional 
mutualism via synthesis of amino acids and vitamins (Lo et al., 
2016). On the other hand, some Spiroplasma genomes contain a 
number of laterally transferred genes (Lo et al., 2015), evidencing 
existence of a potential route for acquisition of such metabolic 
genes. Since our survey of Spiroplasma diversity has been quite 
limited in comparison with the enormous arthropod diversity in 
nature, it is conceivable that 100% infection cases might 
be discovered in wider surveys in the future.

In conclusion, we present the distribution and the diversity of 
the stinkbug-Spiroplasma symbiotic associations, thereby laying the 
foundation for future studies on the stinkbug-Spiroplasma symbiosis. 
The next step will be the establishment of an experimentally tractable 
stinkbug-Spiroplasma model system that is maintainable in the 
laboratory. In this study, we tried to establish a laboratory rearing 
system for E. ventralis that exhibited frequent Spiroplasma infections 
in natural populations, but it was not successful: fed with sunflower 
seeds and water supplemented with ascorbic acid, adult insects of 
E. ventralis survived for over a month, but produced few eggs and 
finally died out. Only a female managed to produce an egg mass, and 
emergence of Spiroplasma-infected offspring from the eggs strongly 
suggested vertical transmission of the Spiroplasma symbiont, but 
more data are needed to verify this idea. In this context, we regard 
the bean bug Riptortus pedestris as a promising model system, on the 
grounds that R. pedestris is easily and stably maintainable in the 
laboratory and widely used for studies on the gut symbiotic bacteria 
of the genus Burkholderia (Takeshita and Kikuchi, 2017; Kaltenpoth 
and Flórez, 2020). In this study, we were able to examine only a field-
collected sample of R. pedestris, in which the Spiroplasma infection 
density was remarkably high (Figure 2). Thus far, we have inspected 

several laboratory strains of R. pedestris, but unfortunately, they were 
all free of Spiroplasma infection. However, we expect that a wide field 
survey in the next season will lead to the establishment of 
Spiroplasma-infected laboratory strains of R. pedestris, which will 
enable us to experimentally investigate important biological aspects 
of the stinkbug-Spiroplasma symbiotic association such as fitness 
effects, reproductive phenotypes, vertical transmission route and 
efficiency, etc.

Data availability statement

The datasets presented in this study can be  found 
in online repositories. The names of the repository/
repositories and accession number(s) can be found at: https://
www.ddbj.nig.ac.jp/, LC685076-LC685096; https://www.ddbj.nig.
ac.jp/, DRR358028-DRR358051; https://www.ddbj.nig.ac.jp/, 
DRR359516-DRR359523.

Author contributions

SK, TH, and TF: conceived the study. TH, KO, and TF: 
collected the stinkbug samples. SK, TH, and KM: performed 
diagnostic PCR screening and 16S rRNA gene sequencing. SK and 
TH: conducted molecular phylogenetic analysis. SK and KM: 
performed amplicon sequencing analysis. KO: conducted 
FISH. TF and SK: wrote the manuscript. All authors contributed 
to the article and approved the submitted version.

Funding

This study was supported by the JST ERATO grant number 
JPMJER1902 to SK and TF, and the JSPS KAKENHI grant number 
JP17H06388 to TF. KO was supported by the JSPS research 
fellowships for young scientists (21J01321 to KO).

Acknowledgments

We thank Atsushi Kikuchi, Akio Tanigawa, Bin Hirota, 
Chihiro Himuro, Eiichi Hara, Emi Kobayashi, Genta Okude, Gen 
Sakurai, Hiroyuki Hirayama, Hiromi Mukai, Hirokazu Toju, 
Katsura Ito, Koichi Inadomi, Kiichi Shimizu, Kyosuke Okuda, 
Keiko Ohno-Shiromoto, Keiichi Takahashi, Mitsuo Baba, Mantaro 
Hironaka, Masaaki Kimura, Minoru Moriyama, Mitsutaka 
Sakakibara, Mikio Takai, Mariko Taguchi, Narumi Baba, Nahomi 
Kaiwa, Nobuo Tsurusaki, Ryutaro Suzuki, Shuhei Kada, Shin-ich 
Kudo, Satoshi Maehara, Sumio Tojo, Tetsuhiro Kawagoe, Teruyuki 
Niimi, Tomohito Noda, Tomonari Nozaki, Taku Tsukada, Yoshiko 
Ayabe, Yuki G. Baba, Yoshitomo Kikuchi, Yutaka Osada, and Yu 
Matsuura for insect samples, and Minoru Moriyama and Ryuichi 
Koga for technical advice on molecular experiments.

https://doi.org/10.3389/fmicb.2022.1044771
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ddbj.nig.ac.jp/
https://www.ddbj.nig.ac.jp/
https://www.ddbj.nig.ac.jp/
https://www.ddbj.nig.ac.jp/
https://www.ddbj.nig.ac.jp/


Kakizawa et al. 10.3389/fmicb.2022.1044771

Frontiers in Microbiology 10 frontiersin.org

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary materials

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1044771/
full#supplementary-material

References
Alexeeva, I., Elliott, E. J., Rollins, S., Gasparich, G. E., Lazar, J., and Rohwer, R. G. 

(2006). Absence of Spiroplasma or other bacterial 16S rRNA genes in brain tissue of 
hamsters with scrapie. J. Clin. Microbiol. 44, 91–97. doi: 10.1128/jcm.44.1.91-97.2006

Amiri, A., Bandani, A. R., and Kafil, M. (2020). Gut compartments and ovary 
bacterial symbionts of the Sunn pest. J. Asia Pacif. Entomol. 23, 723–730. doi: 
10.1016/j.aspen.2020.06.002

Anbutsu, H., and Fukatsu, T. (2011). Spiroplasma as a model insect endosymbiont. 
Environ. Microbiol. Rep. 3, 144–153. doi: 10.1111/j.1758-2229.2010.00240.x

Ballinger, M. J., and Perlman, S. J. (2019). The defensive Spiroplasma. Curr. Opin. 
Insect Sci. 32, 36–41. doi: 10.1016/j.cois.2018.10.004

Barré, A., de Daruvar, A., and Blanchard, A. (2004). MolliGen, a database 
dedicated to the comparative genomics of Mollicutes. Nucleic Acids Res. 32, 307D–
3310D. doi: 10.1093/nar/gkh114

Bastian, F. O., and Foster, J. W. (2001). Spiroplasma sp. 16S rDNA in Creutzfeldt-
Jakob disease and scrapie as shown by PCR and DNA sequence analysis. J. 
Neuropathol. Exp. Neurol. 60, 613–620. doi: 10.1093/jnen/60.6.613

Bourtzis, K., and Miller, T. A. (2003). Insect Symbiosis. 1st Edn. Boca Raton: 
CRC Press.

Brune, A. (2014). Symbiotic digestion of lignocellulose in termite guts. Nat. Rev. 
Microbiol. 12, 168–180. doi: 10.1038/nrmicro3182

Buchner, P. (1965). Endosymbiosis of Animals with Plant Microorganisms. New 
York, Interscience Publishers.

Caspi-Fluger, A., Inbar, M., Steinberg, S., Friedmann, Y., Freund, M., 
Mozes-Daube, N., et al. (2014). Characterization of the symbiont Rickettsia in the 
mirid bug Nesidiocoris tenuis (Reuter) (Heteroptera: Miridae). Bull. Entomol. Res. 
104, 681–688. doi: 10.1017/S0007485314000492

Chrostek, E., Pelz-Stelinski, K., Hurst, G. D. D., and Hughes, G. L. (2017). 
Horizontal transmission of intracellular insect symbionts via plants. Front. 
Microbiol. 8:2237. doi: 10.3389/fmicb.2017.02237

Clark, T. B. (1982). Spiroplasmas: diversity of arthropod reservoirs and host-
parasite relationships. Science 217, 57–59. doi: 10.1126/science.217.4554.57

Dally, M., Lalzar, M., Belausov, E., Gottlieb, Y., Coll, M., and Zchori-Fein, E. 
(2020). Cellular localization of two Rickettsia symbionts in the digestive system and 
within the ovaries of the mirid bug, Macrolophous pygmaeus. Insects 11:530. doi: 
10.3390/insects11080530

Daniels, M. J. (1983). Mechanisms of Spiroplasma pathogenicity. Annu. Rev. 
Phytopathol. 21, 29–43. doi: 10.1146/annurev.py.21.090183.000333

Davis, R. E., Worley, J. F., Whitcomb, R. F., Ishijima, T., and Steere, R. L. (1972). 
Helical filaments produced by a mycoplasma-like organism associated with corn 
stunt disease. Science 176, 521–523. doi: 10.1126/science.176.4034.521

Douglas, A. E. (2009). The microbial dimension in insect nutritional ecology. 
Funct. Ecol. 23, 38–47. doi: 10.1111/j.1365-2435.2008.01442.x

Duron, O., Bouchon, D., Boutin, S., Bellamy, L., Zhou, L., Engelstädter, J., et al. 
(2008). The diversity of reproductive parasites among arthropods: Wolbachia do not 
walk alone. BMC Biol. 6:27. doi: 10.1186/1741-7007-6-27

Feldhaar, H. (2011). Bacterial symbionts as mediators of ecologically important traits 
of insect hosts. Ecol. Entomol. 36, 533–543. doi: 10.1111/j.1365-2311.2011.01318.x

Flórez, L. V., Biedermann, P. H. W., Engl, T., and Kaltenpoth, M. (2015). Defensive 
symbioses of animals with prokaryotic and eukaryotic microorganisms. Nat. Prod. 
Rep. 32, 904–936. doi: 10.1039/C5NP00010F

Fukatsu, T., and Nikoh, N. (1998). Two intracellular symbiotic bacteria from the 
mulberry psyllid Anomoneura mori (Insecta, Homoptera). Appl. Environ. Microbiol. 
64, 3599–3606. doi: 10.1128/AEM.64.10.3599-3606.1998

Fukatsu, T., Tsuchida, T., Nikoh, N., and Koga, R. (2001). Spiroplasma symbiont 
of the pea aphid, Acyrthosiphon pisum (Insecta: Homoptera). Appl. Environ. 
Microbiol. 67, 1284–1291. doi: 10.1128/AEM.67.3.1284-1291.2001

Gasparich, G. E., Kuo, C.-H., and Foissac, X. (2020). Spiroplasma. Bergey's Manual 
of Systematics of Archaea and Bacteria. Wiley. doi: 10.1002/9781118960608.gbm01262.
pub2a.

Gehrer, L., and Vorburger, C. (2012). Parasitoids as vectors of facultative bacterial 
endosymbionts in aphids. Biol. Lett. 8, 613–615. doi: 10.1098/rsbl.2012.0144

Gerth, M., Gansauge, M.-T., Weigert, A., and Bleidorn, C. (2014). Phylogenomic 
analyses uncover origin and spread of the Wolbachia pandemic. Nat. Commun. 
5:5117. doi: 10.1038/ncomms6117

Haselkorn, T. S. (2010). The Spiroplasma heritable bacterial endosymbiont of 
Drosophila. Fly (Austin) 4, 80–87. doi: 10.4161/fly.4.1.10883

He, L.-S., Zhang, P.-W., Huang, J.-M., Zhu, F.-C., Danchin, A., and Wang, Y. (2017). The 
enigmatic genome of an obligate ancient Spiroplasma symbiont in a hadal holothurian. 
Appl. Environ. Microbiol. 84, e01965–e01917. doi: 10.1128/AEM.01965-17

Hedges, L. M., Brownlie, J. C., O'Neill, S. L., and Johnson, K. N. (2008). Wolbachia 
and virus protection in insects. Science 322:702. doi: 10.1126/science.1162418

Herlemann, D. P. R., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J. J., and 
Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km 
salinity gradient of the Baltic Sea. ISME J. 5, 1571–1579. doi: 10.1038/ismej.2011.41

Hosokawa, T., Imanishi, M., Koga, R., and Fukatsu, T. (2019). Diversity and evolution 
of bacterial symbionts in the gut symbiotic organ of jewel stinkbugs (Hemiptera: 
Scutelleridae). Appl. Entomol. Zool. 54, 359–367. doi: 10.1007/s13355-019-00630-4

Hosokawa, T., Kaiwa, N., Matsuura, Y., Kikuchi, Y., and Fukatsu, T. (2015). 
Infection prevalence of Sodalis symbionts among stinkbugs. Zool. Let. 1:5. doi: 
10.1186/s40851-014-0009-5

Hosokawa, T., Koga, R., Kikuchi, Y., Meng, X.-Y., and Fukatsu, T. (2010). 
Wolbachia as a bacteriocyte-associated nutritional mutualist. Proc. Natl. Acad. Sci. 
U. S. A. 107, 769–774. doi: 10.1073/pnas.0911476107

Hosokawa, T., Matsuura, Y., Kikuchi, Y., and Fukatsu, T. (2016). Recurrent 
evolution of gut symbiotic bacteria in pentatomid stinkbugs. Zool. Let. 2:24. doi: 
10.1186/s40851-016-0061-4

Hurst, G. D., Anbutsu, H., Kutsukake, M., and Fukatsu, T. (2003). Hidden from 
the host: Spiroplasma bacteria infecting Drosophila do not cause an immune 
response, but are suppressed by ectopic immune activation. Insect Mol. Biol. 12, 
93–97. doi: 10.1046/j.1365-2583.2003.00380.x

Jaenike, J., Polak, M., Fiskin, A., Helou, M., and Minhas, M. (2007). Interspecific 
transmission of endosymbiotic Spiroplasma by mites. Biol. Lett. 3, 23–25. doi: 
10.1098/rsbl.2006.0577

Jaenike, J., Unckless, R., Cockburn, S. N., Boelio, L. M., and Perlman, S. J. (2010). 
Adaptation via symbiosis: recent spread of a Drosophila defensive symbiont. Science 
329, 212–215. doi: 10.1126/science.1188235

Jiggins, F. M., Hurst, G. D. D., Jiggins, C. D., v d Schulenburg, J. H. G., and 
Majerus, M. E. N. (2000). The butterfly Danaus chrysippus is infected by a male-
killing Spiroplasma bacterium. Parasitology 120, 439–446. doi: 10.1017/
S0031182099005867

Kaiwa, N., Hosokawa, T., Nikoh, N., Tanahashi, M., Moriyama, M., Meng, X.-Y., 
et al. (2014). Symbiont-supplemented maternal investment underpinning host's 
ecological adaptation. Curr. Biol. 24, 2465–2470. doi: 10.1016/j.cub.2014. 
08.065

Kakizawa, S., and Kamagata, Y. (2014). A multiplex-PCR method for strain 
identification and detailed phylogenetic analysis of AY-group phytoplasmas. Plant 
Dis. 98, 299–305. doi: 10.1094/PDIS-03-13-0216-RE

https://doi.org/10.3389/fmicb.2022.1044771
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1044771/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1044771/full#supplementary-material
https://doi.org/10.1128/jcm.44.1.91-97.2006
https://doi.org/10.1016/j.aspen.2020.06.002
https://doi.org/10.1111/j.1758-2229.2010.00240.x
https://doi.org/10.1016/j.cois.2018.10.004
https://doi.org/10.1093/nar/gkh114
https://doi.org/10.1093/jnen/60.6.613
https://doi.org/10.1038/nrmicro3182
https://doi.org/10.1017/S0007485314000492
https://doi.org/10.3389/fmicb.2017.02237
https://doi.org/10.1126/science.217.4554.57
https://doi.org/10.3390/insects11080530
https://doi.org/10.1146/annurev.py.21.090183.000333
https://doi.org/10.1126/science.176.4034.521
https://doi.org/10.1111/j.1365-2435.2008.01442.x
https://doi.org/10.1186/1741-7007-6-27
https://doi.org/10.1111/j.1365-2311.2011.01318.x
https://doi.org/10.1039/C5NP00010F
https://doi.org/10.1128/AEM.64.10.3599-3606.1998
https://doi.org/10.1128/AEM.67.3.1284-1291.2001
https://doi.org/10.1002/9781118960608.gbm01262.pub2a
https://doi.org/10.1002/9781118960608.gbm01262.pub2a
https://doi.org/10.1098/rsbl.2012.0144
https://doi.org/10.1038/ncomms6117
https://doi.org/10.4161/fly.4.1.10883
https://doi.org/10.1128/AEM.01965-17
https://doi.org/10.1126/science.1162418
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1007/s13355-019-00630-4
https://doi.org/10.1186/s40851-014-0009-5
https://doi.org/10.1073/pnas.0911476107
https://doi.org/10.1186/s40851-016-0061-4
https://doi.org/10.1046/j.1365-2583.2003.00380.x
https://doi.org/10.1098/rsbl.2006.0577
https://doi.org/10.1126/science.1188235
https://doi.org/10.1017/S0031182099005867
https://doi.org/10.1017/S0031182099005867
https://doi.org/10.1016/j.cub.2014.08.065
https://doi.org/10.1016/j.cub.2014.08.065
https://doi.org/10.1094/PDIS-03-13-0216-RE


Kakizawa et al. 10.3389/fmicb.2022.1044771

Frontiers in Microbiology 11 frontiersin.org

Kaltenpoth, M., and Flórez, L. V. (2020). Versatile and dynamic symbioses 
between insects and Burkholderia bacteria. Annu. Rev. Entomol. 65, 145–170. doi: 
10.1146/annurev-ento-011019-025025

Kaur, R., Shropshire, J. D., Cross, K. L., Leigh, B., Mansueto, A. J., Stewart, V., et al. 
(2021). Living in the endosymbiotic world of Wolbachia: a centennial review. Cell 
Host Microbe 29, 879–893. doi: 10.1016/j.chom.2021.03.006

Kikuchi, Y., and Fukatsu, T. (2003). Diversity of Wolbachia endosymbionts in 
heteropteran bugs. Appl. Environ. Microbiol. 69, 6082–6090. doi: 10.1128/
aem.69.10.6082-6090.2003

Kikuchi, Y., Hosokawa, T., and Fukatsu, T. (2011). An ancient but promiscuous 
host–symbiont association between Burkholderia gut symbionts and their 
heteropteran hosts. ISME J. 5, 446–460. doi: 10.1038/ismej.2010.150

Kikuchi, Y., Hosokawa, T., Nikoh, N., Meng, X.-Y., Kamagata, Y., and Fukatsu, T. 
(2009). Host-symbiont co-speciation and reductive genome evolution in gut 
symbiotic bacteria of acanthosomatid stinkbugs. BMC Biol. 7:2. doi: 
10.1186/1741-7007-7-2

Koga, R., Meng, X.-Y., Tsuchida, T., and Fukatsu, T. (2012). Cellular mechanism 
for selective vertical transmission of an obligate insect symbiont at the bacteriocyte–
embryo interface. Proc. Natl. Acad. Sci. U. S. A. 109, E1230–E1237. doi: 10.1073/
pnas.1119212109

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: 
molecular evolutionary genetics analysis across computing platforms. Mol. Biol. 
Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Lemoine, M. M., Engl, T., and Kaltenpoth, M. (2020). Microbial symbionts 
expanding or constraining abiotic niche space in insects. Curr. Opin. Insect Sci. 39, 
14–20. doi: 10.1016/j.cois.2020.01.003

Lo, W.-S., Gasparich, G. E., and Kuo, C.-H. (2015). Found and lost: the fates of 
horizontally acquired genes in arthropod-symbiotic Spiroplasma. Genome Biol. Evol. 
7, 2458–2472. doi: 10.1093/gbe/evv160

Lo, W.-S., Huang, Y.-Y., and Kuo, C.-H. (2016). Winding paths to simplicity: 
genome evolution in facultative insect symbionts. FEMS Microbiol. Rev. 40, 855–874. 
doi: 10.1093/femsre/fuw028

Łukasik, P., van Asch, M., Guo, H., Ferrari, J., Charles, J., and Godfray, H. (2013). 
Unrelated facultative endosymbionts protect aphids against a fungal pathogen. Ecol. 
Lett. 16, 214–218. doi: 10.1111/ele.12031

Matsuura, Y., Hosokawa, T., Serracin, M., Tulgetske Genet, M., Miller Thomas, A., 
and Fukatsu, T. (2014). Bacterial symbionts of a devastating coffee plant pest, the 
stinkbug Antestiopsis thunbergii (Hemiptera: Pentatomidae). Appl. Environ. 
Microbiol. 80, 3769–3775. doi: 10.1128/AEM.00554-14

Matsuura, Y., Kikuchi, Y., Meng Xian, Y., Koga, R., and Fukatsu, T. (2012). Novel 
clade of alphaproteobacterial endosymbionts associated with stinkbugs and other 
arthropods. Appl. Environ. Microbiol. 78, 4149–4156. doi: 10.1128/AEM.00673-12

Moran, N. A., McCutcheon, J. P., and Nakabachi, A. (2008). Genomics and 
evolution of heritable bacterial symbionts. Annu. Rev. Genet. 42, 165–190. doi: 
10.1146/annurev.genet.41.110306.130119

Moriyama, M., Hayashi, T., and Fukatsu, T. (2022). A mucin protein 
predominantly expressed in the female-specific symbiotic organ of the stinkbug 
Plautia stali. Sci. Rep. 12:7782. doi: 10.1038/s41598-022-11895-1

Moriyama, M., Nikoh, N., Hosokawa, T., and Fukatsu, T. (2015). Riboflavin 
provisioning underlies Wolbachia's fitness contribution to its insect host. MBio 6, 
e01732–e01715. doi: 10.1128/mBio.01732-15

Muyzer, G., de Waal, E. C., and Uitterlinden, A. G. (1993). Profiling of complex 
microbial populations by denaturing gradient gel electrophoresis analysis of 
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ. 
Microbiol. 59, 695–700. doi: 10.1128/aem.59.3.695-700.1993

Nikoh, N., Hosokawa, T., Moriyama, M., Oshima, K., Hattori, M., and Fukatsu, T. 
(2014). Evolutionary origin of insect–Wolbachia nutritional mutualism. Proc. Natl. 
Acad. Sci. U. S. A. 111, 10257–10262. doi: 10.1073/pnas.1409284111

Nikoh, N., Hosokawa, T., Oshima, K., Hattori, M., and Fukatsu, T. (2011). 
Reductive evolution of bacterial genome in insect gut environment. Genome Biol. 
Evol. 3, 702–714. doi: 10.1093/gbe/evr064

Nováková, E., Hypša, V., and Moran, N. A. (2009). Arsenophonus, an emerging 
clade of intracellular symbionts with a broad host distribution. BMC Microbiol. 
9:143. doi: 10.1186/1471-2180-9-143

Nunan, L. M., Lightner, D. V., Oduori, M. A., and Gasparich, G. E. (2005). 
Spiroplasma penaei sp. nov., associated with mortalities in Penaeus vannamei, Pacific 
white shrimp. Int. J. Syst. Evol. Microbiol. 55, 2317–2322. doi: 10.1099/ijs.0.63555-0

Oakeson, K. F., Gil, R., Clayton, A. L., Dunn, D. M., von Niederhausern, A. C., 
Hamil, C., et al. (2014). Genome degeneration and adaptation in a nascent stage of 
symbiosis. Genome Biol. Evol. 6, 76–93. doi: 10.1093/gbe/evt210

Oishi, S., Moriyama, M., Koga, R., and Fukatsu, T. (2019). Morphogenesis and 
development of midgut symbiotic organ of the stinkbug Plautia stali (Hemiptera: 
Pentatomidae). Zool. Let. 5:16. doi: 10.1186/s40851-019-0134-2

Oliver, K. M., Degnan, P. H., Burke, G. R., and Moran, N. A. (2010). Facultative 
symbionts in aphids and the horizontal transfer of ecologically important traits. 
Annu. Rev. Entomol. 55, 247–266. doi: 10.1146/annurev-ento-112408-085305

Oren, A., and Garrity, G. G. (2021). Valid publication of the names of forty-two phyla 
of prokaryotes. Int. J. Syst. Evol. Microbiol. 71:005056. doi: 10.1099/ijsem.0.005056

Paredes, J. C., Herren, J. K., Schüpfer, F., Marin, R., Claverol, S., Kuo, C.-H., et al. 
(2015). Genome sequence of the Drosophila melanogaster male-killing Spiroplasma 
strain MSRO endosymbiont. mBio 6:e02437-14. doi: 10.1128/mBio.02437-14

Perlman, S. J., Hunter, M. S., and Zchori-Fein, E. (2006). The emerging diversity 
of Rickettsia. Proc. R. Soc. B 273, 2097–2106. doi: 10.1098/rspb.2006.3541

Poulson, D. F., and Sakaguchi, B. (1961). Nature of "sex-ratio" agent in Drosophila. 
Science 133, 1489–1490. doi: 10.1126/science.133.3463.1489

Romanov, D. A., Zakharov, I. A., and Shaikevich, E. V. (2020). Wolbachia, 
Spiroplasma, and Rickettsia symbiotic bacteria in aphids (Aphidoidea). Vavilovskii 
Zhurnal Genet. Selektsii 24, 673–682. doi: 10.18699/vj20.661

Saglio, P., Lhospital, M., Laflèche, D., Dupont, G., Bovè, J. M., Tully, J. G., et al. 
(1973). Spiroplasma citri gen. and sp. n.: a mycoplasma-like organism sssociated 
with “stubborn” disease of citrus. Int. J. Syst. Evol. Microbiol. 23, 191–204. doi: 
10.1099/00207713-23-3-191

Salem, H., Bauer, E., Strauss, A. S., Vogel, H., Marz, M., and Kaltenpoth, M. 
(2014). Vitamin supplementation by gut symbionts ensures metabolic homeostasis 
in an insect host. Proc. R. Soc. B 281:20141838. doi: 10.1098/rspb.2014.1838

Salem, H., Florez, L., Gerardo, N., and Kaltenpoth, M. (2015). An out-of-body 
experience: the extracellular dimension for the transmission of mutualistic bacteria 
in insects. Proc. R. Soc. B 282:20142957. doi: 10.1098/rspb.2014.2957

Sanada-Morimura, S., Matsumura, M., and Noda, H. (2013). Male killing caused 
by a Spiroplasma symbiont in the small brown planthopper, Laodelphax striatellus. 
J. Heredity 104, 821–829. doi: 10.1093/jhered/est052

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011). 
Fast, scalable generation of high-quality protein multiple sequence alignments using 
Clustal omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Simon, J.-C., Boutin, S., Tsuchida, T., Koga, R., Le Gallic, J.-F., Frantz, A., et al. 
(2011). Facultative symbiont infections affect aphid reproduction. PLoS One 
6:e21831. doi: 10.1371/journal.pone.0021831

Sudakaran, S., Salem, H., Kost, C., and Kaltenpoth, M. (2012). Geographical and 
ecological stability of the symbiotic mid-gut microbiota in European firebugs, 
Pyrrhocoris apterus (Hemiptera, Pyrrhocoridae). Mol. Ecol. 21, 6134–6151. doi: 
10.1111/mec.12027

Takeshita, K., and Kikuchi, Y. (2017). Riptortus pedestris and Burkholderia 
symbiont: an ideal model system for insect–microbe symbiotic associations. Res. 
Microbiol. 168, 175–187. doi: 10.1016/j.resmic.2016.11.005

Teixeira, L., Ferreira, Á., and Ashburner, M. (2008). The bacterial symbiont 
Wolbachia induces resistance to RNA viral infections in Drosophila melanogaster. 
PLoS Biol. 6:e1000002:e2. doi: 10.1371/journal.pbio.1000002

Van Arnam, E. B., Currie, C. R., and Clardy, J. (2018). Defense contracts: 
molecular protection in insect-microbe symbioses. Chem. Soc. Rev. 47, 1638–1651. 
doi: 10.1039/C7CS00340D

Vigneron, A., Masson, F., Vallier, A., Balmand, S., Rey, M., Vincent-Monégat, C., 
et al. (2014). Insects recycle endosymbionts when the benefit is over. Curr. Biol. 24, 
2267–2273. doi: 10.1016/j.cub.2014.07.065

Viver, T., Orellana, L. H., Hatt, J. K., Urdiain, M., Díaz, S., Richter, M., et al. (2017). The 
low diverse gastric microbiome of the jellyfish Cotylorhiza tuberculata is dominated by 
four novel taxa. Environ. Microbiol. 19, 3039–3058. doi: 10.1111/1462-2920.13763

Wang, W., Gu, W., Ding, Z., Ren, Y., Chen, J., and Hou, Y. (2005). A novel 
Spiroplasma pathogen causing systemic infection in the crayfish Procambarus clarkii 
(Crustacea: decapod), in China. FEMS Microbiol. Lett. 249, 131–137. doi: 10.1016/j.
femsle.2005.06.005

Wang, W., Gu, W., Gasparich, G. E., Bi, K., Ou, J., Meng, Q., et al. (2011). 
Spiroplasma eriocheiris sp. nov., associated with mortality in the Chinese mitten 
crab, Eriocheir sinensis. Int. J. Syst. Evol. Microbiol. 61, 703–708. doi: 10.1099/
ijs.0.020529-0

Watts, T., Haselkorn, T. S., Moran, N. A., and Markow, T. A. (2009). Variable 
incidence of Spiroplasma infections in natural populations of Drosophila species. 
PLoS One 4:e5703. doi: 10.1371/journal.pone.0005703

Werren, J. H., Baldo, L., and Clark, M. E. (2008). Wolbachia: master manipulators 
of invertebrate biology. Nat. Rev. Microbiol. 6, 741–751. doi: 10.1038/nrmicro1969

Williamson, D. L., Sakaguchi, B., Hackett, K. J., Whitcomb, R. F., Tully, J. G., 
Carle, P., et al. (1999). Spiroplasma poulsonii sp. nov., a new species associated with 
male-lethality in Drosophila willistoni, a neotropical species of fruit fly. Int. J. Syst. 
Evol. Microbiol. 49, 611–618. doi: 10.1099/00207713-49-2-611

Xie, J., Butler, S., Sanchez, G., and Mateos, M. (2014). Male killing Spiroplasma 
protects Drosophila melanogaster against two parasitoid wasps. Heredity 112, 
399–408. doi: 10.1038/hdy.2013.118

https://doi.org/10.3389/fmicb.2022.1044771
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1146/annurev-ento-011019-025025
https://doi.org/10.1016/j.chom.2021.03.006
https://doi.org/10.1128/aem.69.10.6082-6090.2003
https://doi.org/10.1128/aem.69.10.6082-6090.2003
https://doi.org/10.1038/ismej.2010.150
https://doi.org/10.1186/1741-7007-7-2
https://doi.org/10.1073/pnas.1119212109
https://doi.org/10.1073/pnas.1119212109
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1016/j.cois.2020.01.003
https://doi.org/10.1093/gbe/evv160
https://doi.org/10.1093/femsre/fuw028
https://doi.org/10.1111/ele.12031
https://doi.org/10.1128/AEM.00554-14
https://doi.org/10.1128/AEM.00673-12
https://doi.org/10.1146/annurev.genet.41.110306.130119
https://doi.org/10.1038/s41598-022-11895-1
https://doi.org/10.1128/mBio.01732-15
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.1073/pnas.1409284111
https://doi.org/10.1093/gbe/evr064
https://doi.org/10.1186/1471-2180-9-143
https://doi.org/10.1099/ijs.0.63555-0
https://doi.org/10.1093/gbe/evt210
https://doi.org/10.1186/s40851-019-0134-2
https://doi.org/10.1146/annurev-ento-112408-085305
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1128/mBio.02437-14
https://doi.org/10.1098/rspb.2006.3541
https://doi.org/10.1126/science.133.3463.1489
https://doi.org/10.18699/vj20.661
https://doi.org/10.1099/00207713-23-3-191
https://doi.org/10.1098/rspb.2014.1838
https://doi.org/10.1098/rspb.2014.2957
https://doi.org/10.1093/jhered/est052
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1371/journal.pone.0021831
https://doi.org/10.1111/mec.12027
https://doi.org/10.1016/j.resmic.2016.11.005
https://doi.org/10.1371/journal.pbio.1000002
https://doi.org/10.1039/C7CS00340D
https://doi.org/10.1016/j.cub.2014.07.065
https://doi.org/10.1111/1462-2920.13763
https://doi.org/10.1016/j.femsle.2005.06.005
https://doi.org/10.1016/j.femsle.2005.06.005
https://doi.org/10.1099/ijs.0.020529-0
https://doi.org/10.1099/ijs.0.020529-0
https://doi.org/10.1371/journal.pone.0005703
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1099/00207713-49-2-611
https://doi.org/10.1038/hdy.2013.118


Kakizawa et al. 10.3389/fmicb.2022.1044771

Frontiers in Microbiology 12 frontiersin.org

Xie, J., Vilchez, I., and Mateos, M. (2010). Spiroplasma bacteria enhance survival 
of Drosophila hydei attacked by the parasitic wasp Leptopilina heterotoma. PLoS One 
5:e12149. doi: 10.1371/journal.pone.0012149

Zchori-Fein, E., and Perlman, S. J. (2004). Distribution of the bacterial 
symbiont Cardinium in arthropods. Mol. Ecol. 13, 2009–2016. doi: 
10.1111/j.1365-294X.2004.02203.x

Zug, R., and Hammerstein, P. (2012). Still a host of hosts for Wolbachia: analysis 
of recent data suggests that 40% of terrestrial arthropod species are infected. PLoS 
One 7:e38544. doi: 10.1371/journal.pone.0038544

Zug, R., and Hammerstein, P. (2015). Bad guys turned nice? A critical assessment 
of Wolbachia mutualisms in arthropod hosts. Biol. Rev. Camb. Philos. Soc. 90, 
89–111. doi: 10.1111/brv.12098

https://doi.org/10.3389/fmicb.2022.1044771
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0012149
https://doi.org/10.1111/j.1365-294X.2004.02203.x
https://doi.org/10.1371/journal.pone.0038544
https://doi.org/10.1111/brv.12098

	Spiroplasma as facultative bacterial symbionts of stinkbugs
	Introduction
	Materials and methods
	Insect materials
	DNA sample preparation
	Diagnostic PCR screening of Spiroplasma
	Sequencing of 16S rRNA gene of Spiroplasma
	Molecular phylogenetic analysis
	Amplicon sequencing analysis
	Fluorescence in situ hybridization

	Results
	Screening of Spiroplasma infection among diverse stinkbugs
	Phylogenetic placement of Spiroplasma strains detected from diverse stinkbugs
	Microbiome of stinkbugs with and without Spiroplasma infection
	Infection prevalence, vertical transmission, and in vivo localization of Spiroplasma in Eysarcoris ventralis

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

