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Many stinkbugs (Insecta: Hemiptera: Heteroptera) are associated with bacterial symbionts in a posterior region of the midgut.
In these stinkbugs, adult females excrete symbiont-containing materials from the anus for transmission of the beneficial symbi-
onts to their offspring. For ensuring the vertical symbiont transmission, a variety of female-specific elaborate traits at the cellu-
lar, morphological, developmental, and behavioral levels have been reported from diverse stinkbugs of the families Plataspidae,
Urostylididae, Parastrachiidae, etc. Meanwhile, such elaborate female-specific traits for vertical symbiont transmission have
been poorly characterized for the largest and economically important stinkbug family Pentatomidae. Here, we investigated the
midgut symbiotic system of a pentatomid stinkbug, Plautia splendens. A specific gammaproteobacterial symbiont was consis-
tently present extracellularly in the cavity of numerous crypts arranged in four rows on the midgut fourth section. The symbiont
was smeared on the egg surface upon oviposition by adult females, orally acquired by newborn nymphs, and thereby transmitted
vertically to the next generation and important for growth and survival of the host insects. We found that, specifically in adult
females, several rows of crypts at the posterior end region of the symbiotic midgut were morphologically differentiated and con-
spicuously enlarged, often discharging the symbiotic bacteria from the crypt cavity to the main tract of the symbiotic midgut.
The female-specific enlarged end crypts were also found in other pentatomid stinkbugs Plautia stali and Carbula crassiventris.
These results suggest that the enlarged end crypts represent a female-specific specialized morphological trait for vertical symbi-

ont transmission commonly found among stinkbugs of the family Pentatomidae.

Many insects are associated with microbial mutualists in the
gut lumen, inside the body cavity, or within the cells (1, 2).
For ecological and evolutionary persistence of such mutualistic
associations, vertical symbiont transmission through host gener-
ations is among the pivotal processes, although nonvertical (i.e.,
horizontal or environmental) symbiont transmission may also be
prevalent in marine invertebrates, plants, and some insects (3-5).
In intracellular associations such as Buchnera in aphids and
Wigglesworthia in tsetse flies, vertical symbiont transmission usu-
ally occurs prenatally to developing eggs or embryos within ma-
ternal bodies (1, 6-8). In extracellular associations such as gut
microbes in termites and stinkbugs, by contrast, vertical symbiont
transmission tends to occur postnatally outside the maternal
bodies via nymphal feeding of symbiont-containing excrements
(1,9, 10).

The majority of plant-sucking stinkbugs (order Hemiptera:
suborder Heteroptera: infraorder Pentatomomorpha: superfam-
ily Pentatomoidea) are associated with bacterial symbionts of a
beneficial nature in a posterior region of the midgut, where nu-
merous crypts develop and harbor specific symbiotic bacteria
therein (1, 10, 11). In these stinkbugs, adult females excrete sym-
biont-containing materials from the anus, which are orally ac-
quired by their offspring for vertical symbiont transmission. Most
commonly, as observed in the families Pentatomidae, Scutelleri-
dae, Acanthosomatidae, and Cydnidae, vertical symbiont trans-
mission is set up upon oviposition by egg surface contamination
with symbiont-containing materials and establishes upon egg
hatching by nymphal oral exploitation of the egg surface (1, 12—
21). In several presocial stinkbugs of the families Parastrachiidae
and Cydnidae, adult females continuously attend and take care of
their eggs and excrete symbiont-containing materials just before
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or after egg hatching, which newborns consume and establish ver-
tical symbiont transmission (22, 23). In the family Plataspidae,
uniquely, adult females produce brown-colored particles encasing
symbiont-containing materials, so-called symbiont capsules,
upon oviposition, and hatchlings suck the content of the capsules
for establishing vertical transmission of the symbiont (24, 25). In
the family Urostylididae, also uniquely, adult females produce egg
masses covered with voluminous, nutritious, symbiont-supple-
mented, and galactose-based polysaccharide gels, and nymphs
feed on the symbiont-containing jelly for growth and symbiont
acquisition (26).

In these stinkbugs, a variety of elaborate cellular, morpholog-
ical, developmental, and behavioral traits specialized for vertical
symbiont transmission have been identified. In plataspid stink-
bugs, for example, a posterior end region of the symbiotic midgut
develops several specialized organs for capsule production in a
female-specific manner (27), adult females strictly control the
number of capsules as well as the symbiont quantity in each cap-
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sule (28), and newborn nymphs are behaviorally programmed to
exploit the capsule content (29). In urostylidid stinkbugs, the
basal region of the ovarioles is enlarged and distended for jelly
production, and novel paired organs for symbiont transmission
are formed in association with the female genital chamber (26). In
a parastrachiid stinkbug, upon egg hatching, behaviors of adult
females and their newborn nymphs are finely synchronized for
vertical symbiont transmission, and a posterior region of the sym-
biotic midgut is hypertrophied in a female-specific manner for
production of a copious amount of symbiont-containing materi-
als (22). In acanthosomatid stinkbugs, novel paired organs for
symbiont transmission, which are similar to but anatomically dis-
tinct from those of urostylidid stinkbugs, are present near the
female genital chamber (14). On the other hand, such female-
specific traits for vertical symbiont transmission have been poorly
described for stinkbugs of the family Pentatomidae, except for a
few early morphological observations (1, 30, 31), although mem-
bers of the largest stinkbug group, embracing over 900 genera and
4,500 species and economically the most important (32, 33), are
generally associated with midgut symbiotic bacteria that are ver-
tically transmitted via egg surface contamination (1, 12,12, 13, 15,
17, 18, 20, 34).

In this study, we investigated in detail the midgut symbiotic
system of a pentatomid stinkbug Plautia splendens and found that
several rows of crypts at the posterior end region of the symbiotic
midgut are morphologically differentiated and conspicuously en-
larged only in adult females. Inspection of several other pentato-
mid species identified similarly specialized midgut formation only
in female insects, suggesting that this structure represents a fe-
male-specific morphological trait specialized for vertical symbi-
ont transmission in stinkbugs of the family Pentatomidae.

MATERIALS AND METHODS

Insects. Adult insects of P. splendens were collected at southwestern is-
lands in Okinawa Prefecture, Japan, from the wild thistle Cirsium brevi-
caule. Some insects were preserved in acetone for DNA analysis (35),
whereas other insects were brought to the laboratory and reared in plastic
petri dishes (90 mm in diameter, 15 mm high) or plastic cases (150 mm in
diameter, 60 mm high) supplied with a wet cotton ball, raw peanuts, and
dried soybeans at 25°C under a 16-h light and 8-h dark photoperiod.
Plautia stali collected in Tsukuba, Japan, and Carbula crassiventris col-
lected in Okinawa, Japan, were maintained in the laboratory using the
same rearing systems (Table 1).

DNA analysis. The insects were dissected to obtain the symbiotic or-
gan (midgut fourth section with symbiont-harboring crypts) and the re-
productive organ (ovary or testis) in a plastic petri dish filled with phos-
phate-buffered saline (PBS; 137 mM NaCl, 8.10 mM Na,HPO,, 2.68 mM
KCl, 1.47 mM KH,PO, [pH 7.4]) under a dissection microscope using a
pair of fine forceps. The dissected tissues were individually subjected to
DNA extraction using a QlAamp DNA minikit (Qiagen). A 1.5-kb seg-
ment of a bacterial 16S rRNA gene was amplified by PCR with primers 10F
(5"-AGT TTG ATC ATG GCT CAG ATT-3") (36) and 16SB1 (5'-TAC
GGY TAC CTT GTT ACG ACT T-3') (37). The PCR product was treated
with exonuclease I (TaKaRa) and shrimp alkaline phosphatase (TaKaRa)
and subjected to cycle sequencing with primers 10F, 16SB1, and 16SA2
(5"-GTG CCA GCA GCC GCG GTA ATA C-3') (37) by using BigDye
Terminator v3.1 ready reaction mix (Life Technologies). A 1.2-kb seg-
ment of a bacterial gyrB gene was also amplified by PCR with primers
gyr320F (5'-TAA RTT YGA YGA YAA CTC YTA YAA AGT-3') and
gyr1470R (5'-TGA TAG CGC AGT TTG TCC-3") and sequenced as de-
scribed above. A 1.5-kb segment of a mitochondrial 16S rRNA gene of P.
splendens was amplified by PCR with primers mt16SAL (5'-AAW AAA
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TABLE 1 Stinkbug samples examined in this study

Locality”; postfix no. Date; collector? Accession no.¢

Plautia splendens

Ishigaki Is.; 1 April 2014; Ho LC012481
Ishigaki Is.; 2 April 2014; Ho LC012482
Hamahiga Is.; 1 April 2014; Ho LC012471
Hamabhiga Is.; 2 April 2014; Ho LC012472
Hamabhiga Is.; 3 April 2014; Ho LC012473
Hamahiga Is.; 4 April 2014; Ho LC012474
Hamahiga Is.; 5 April 2014; Ho LC012475
Tkei Is.; 1 May 2014; Ha LC012476
TkeiIs.; 2 May 2014; Ha LC012477
Tkei Is.; 3 May 2014; Ha LC012478
Tkei Is.; 4 May 2014; Ha LC012479
IkeiIs.; 5 May 2014; Ha LC012480
Itoman; 1 May 2014; Ha LC012483
Itoman; 2 May 2014; Ha LC012484
Itoman; 3 May 2014; Ha L.C012485
Itoman; 4 May 2014; Ha LC012486
Itoman; 5 May 2014; Ha LC012487
Miyagi Is.; 1 May 2014; Ha LC012488
Miyagi Is.; 2 May 2014; Ha LC012489
Miyagi Is.; 3 May 2014; Ha LC012490
Miyagi Is.; 4 May 2014; Ha LC012491
Miyagi Is.; 5 May 2014; Ha LC012492
Nago; 1 May 2014; Fu LC012493
Nago; 2 May 2014; Fu LC012494
Nago; 3 May 2014; Fu LC012495
Nago; 4 May 2014; Fu LC012496
Plautia stali
Tsukuba September 2012; Mo

Carbula crassiventris

Hamahiga Is. April 2014; Ho

@ All collection localities are in Okinawa Prefecture, Japan, except for P. stali, which is
from Tsukuba in Ibaraki Prefecture, Japan.

b Pu, Takema Fukatsu; Ha, Toshinari Hayashi; Ho, Takahiro Hosokawa; Mo, Minoru
Moriyama.

¢ Accession numbers for 16S rRNA gene sequences of the gut symbiont of P. splendens.

CTAGGATTA GAT ACCCTA-3") (25) and mt16SB1 (5'-TCT TAATYC
AAC ATC GAG GTC GCA A-3') (25). The PCR product was sequenced
with primers mt16SA1, mt16SB1, mt16S390f (5'-ACA YAT CGC CCG
TCR CTC YC-3'), and mt16S1290r (5'-GRT TAT GCT ACC TTN GYA
CAG T-3"), as described above.

Molecular phylogenetic analysis. The bacterial 16S rRNA gene se-
quences were analyzed with 16S rRNA gene sequences of gammaproteo-
bacterial representatives retrieved from the DNA databases. Multiple
alignment was conducted using MUSCLE (38), and then aligned nucleo-
tide sites containing gaps were manually removed. Molecular phyloge-
netic analyses were conducted by the maximum likelihood method,
neighbor-joining method, and Bayesian inference. Maximum likelihood
and neighbor-joining phylogenies were constructed using MEGA 6.06
(39), for which the GTR+G+1 model was selected as the best-fit substi-
tution model using MEGA 6.06. Bootstrap values were calculated with 500
replications. Bayesian phylogeny was inferred using MrBayes (40), for
which the GTR+G model was selected as the best-fit substitution model
using Kakusan4 (41). Runs were carried out with 3 million generations,
from which the first 1 million generations were discarded as burn-in.
Consensus trees were constructed based on the 50% majority rule.

In situ hybridization. A fluorochrome-labeled oligonucleotide probe
Pspsym-165169 (5'-Alexa 555-CCA CTT TGG TCC GAA GAC GT-3')
was used for in situ hybridization targeting 16S rRNA of the gut symbiont
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of P. splendens. For whole-mount in situ hybridization, dissected tissues
were fixed in Carnoy’s solution (ethanol-chloroform-acetic acid [6:3:1])
overnight, washed with 95% ethanol, and incubated in 6% hydrogen per-
oxide for several days to quench autofluorescence (42). After thorough
washing with 95% ethanol, the tissue samples were washed and equili-
brated with hybridization buffer (20 mM Tris-HCI [pH 8.0], 0.9 M NaCl,
0.01% sodium dodecyl sulfate, 30% formamide) and then incubated with
the hybridization buffer containing 100 nM probe and 1 pg/ml 4,6-di-
amidino-2-phenylindole (DAPI) at room temperature overnight. After
the incubation, the samples were thoroughly washed with PBS containing
0.1% Tween 20 (PBST), mounted with SlowFade antifade solution (Life
Technologies), and observed under a fluorescence stereomicroscope
(M165FC; Leica). For in situ hybridization of tissue sections, dissected
tissues were fixed in 4% paraformaldehyde phosphate buffer solution
(Wako) at4°C for 1 h, dehydrated through a water-ethanol series, embed-
ded in Technovit 8100 (Heraeus Kulzer), cut into 2-pm sections on a
microtome (RM2165; Leica), and mounted on glass slides. Then, the sec-
tions on the slides were incubated overnight with the hybridization buffer
containing 100 nM probe and 1 pg/ml DAPT in a humidified chamber at
room temperature. After thorough washing with Tris-buffered saline
(TBS; 137 mM NaCl, 2.68 mM KCl, 25 mM Tris [pH 7.4]), the sections
were mounted in Prolong antifade reagent (Life Technologies) with a
coverslip and observed under an epifluorescence microscope (Axiophoto;
Carl Zeiss). To confirm specificity of the hybridization signals, the follow-
ing control experiments were conducted: no-probe control, RNase treat-
ment control, and competitive suppression control with excess unlabeled
probe.

Transmission electron microscopy. The dissected tissues were pre-
fixed in 0.1 M sodium phosphate buffer (pH 7.2) containing 2.5% glutar-
aldehyde at 4°C overnight and postfixed in 2% osmium tetroxide at 4°C
for 1 h. After dehydration using an ethanol series, the tissues were embed-
ded in Spurr resin and cut into ultrathin sections (75 nm thick). The
sections were double-stained with uranyl acetate and lead citrate and ob-
served with a transmission electron microscope (H-7600; Hitachi).

Diagnostic PCR. A 0.5-kb segment of a bacterial gyrB gene of the
symbiont was amplified by PCR with primers Psp-gyrF (5'-TTT CAG
AGA GCG CCG GGT CG-3') and dPCR-Psp-gyrR (5'-ATC GGC GTG
GAA GTC GCA TT-3') by using Ex Taq DNA polymerase (TaKaRa) and
its supplied buffer system under a temperature profile of 95°C for 5 min
followed by 35 cycles of 95°C for 30 s, 65°C for 1 min, and 72°C for 2 min.
A 1.5-kb segment of an insect mitochondrial 16S rRNA gene of the host
insect was amplified by PCR to check the DNA quality with primers hime-
mtAl (5-AAT CAT AAA AGA GGA ACC TGT T-3') and hime-mtB1
(5'-TYA TCG ATA AGA ACT CTC CAA-3’") under a temperature profile
of 95°C for 5 min followed by 35 cycles of 95°C for 30 s, 58°C for 1 min,
and 72°C for 2 min.

Symbiont elimination and fitness measurement. Newly laid egg
masses of P. splendens were allocated to two experimental groups. In the
sterilized group, the egg masses were treated with 4% formalin for 10 min,
rinsed with sterile water, and dried in air. In the control group, the egg
masses were kept untreated. Then, each egg mass was placed in a sterile
plastic petri dish, provided with a cotton ball soaked with sterile water
containing 0.05% ascorbic acid and sterile raw peanuts that were soaked
in 100% ethanol for 30 min and then dried. Nymphs from the egg masses
were reared at 25°C under a 16-h light and 8-h dark photoperiod. For
inspecting vertical transmission rates, the nymphs were preserved in ace-
tone at the second instar. For fitness measurements, the nymphs were
reared for 36 days, during which their molting and survival were recorded
every third day.

Quantitative PCR. First-, second-, third-, fourth-, and fifth-instar
nymphs and adults of P. splendens were collected 3 days after hatching or
molting. The whole nymphs were preserved in acetone, whereas the adults
were dissected and their midgut fourth section was individually preserved
in acetone. These samples were individually subjected to DNA extraction
using a QIAamp DNA minikit (Qiagen) and quantitative PCR essentially
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M3 2.5 mm

FIG 1 Plautia splendens and its midgut symbiotic system. (A) An adult female.
(B) Newborn nymphs probing the surface of eggshell. (C) A dissected alimen-
tary tract. Abbreviations: M1, midgut first section; M2, midgut second section;
M3, midgut third section; M4, midgut fourth section with crypts (symbiotic
organ); H, hindgut. (D) An enlarged image of the symbiotic organ with nu-
merous crypts. (E) Symbiont cells released from the dissected symbiotic organ.
The cells were stained with SYTOX green. (F to H) Visualization of the sym-
biotic bacteria by in situ hybridization in the whole dissected alimentary tract
(F), in the symbiotic organ (G), and within the crypts (H). Red and blue signals
indicate the symbiotic bacteria and host’s nuclear DNA, respectively. (I, J)
Transmission electron microscopic images of the symbiotic bacteria within the
crypt cavity.

(R e

as described previously (43). A 0.1-kb segment of a bacterial gyrB gene of
the symbiont was targeted with primers Psp-gyrF (5'-TTT CAG AGA
GCG CCG GGT CG-3') and Psp-gyrR (5'-TCG CGC ACG TGA AAT
GAC GC-3"). The PCR mixture was composed of 1X GeneAmp PCR
buffer I (Life Technologies), 0.09 mM MgCl,, 3 mM deoxynucleoside
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FIG 2 Molecular phylogenetic analysis of the gut symbiont of Plautia splendens. A maximum likelihood phylogeny inferred from 1,151 aligned nucleotide sites
of 16S rRNA gene sequences is displayed with statistical support values no less than 50% at each node in the order of maximum likelihood/neighbor-joining/

Bayesian. Sequence accession numbers are shown in brackets.

triphosphates (dNTPs), 400 nM (each) primers, 0.5 l of SYBR green
(1/1,000 diluted solution) (TaKaRa), 0.04 U/l AmpliTaq Gold DNA
polymerase (Life Technologies), 5 .l of temperate DNA, and sterile water
inatotal of 25 pl. A standard curve was drawn using PCR product samples
containing 10%,10%, 104, 10°, 10°, and 107 gyrB gene copies.

Nucleotide sequence accession numbers. The nucleotide sequences
of the bacterial 16S rRNA gene, the bacterial gyrB gene, and the mito-
chondrial 16S rRNA gene of P. splendens have been deposited in DDB]J,
EMBL, and GenBank under accession numbers LC012471 to LC012496,
LC012595, and LC012497, respectively.
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RESULTS

General observation of P. splendens and its symbiotic organ.
Adult females of P. splendens (Fig. 1A) laid about 14 eggs as an egg
mass, from which nymphs hatched within a week or so. The new-
born nymphs immediately started exploiting the eggshell with
their mouthparts for a while (Fig. 1B), stayed immobile on the
eggshell or around the egg mass for about 6 days without feeding,
molted to the second instar, and then started feeding. As in other
stinkbugs in general (1, 10, 11), the dissected alimentary tract of P.
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FIG 3 Population dynamics of the gut symbiont during the developmental
course of Plautia splendens. Infection titers were evaluated by quantitative PCR
in terms of symbiont gyrB gene copies per insect.

splendens consisted of several morphologically distinct regions.
From mouth to anus, following the foregut, the midgut first sec-
tion was enlarged and sac-like, the midgut second section was long
and tubular, the midgut third section was soft and moderately
swollen, and the midgut fourth section was yellow and twisted,
connecting to the hindgut with Malpighian tubules (Fig. 1C).
Along the midgut fourth section, a number of crypts were ar-
ranged in four rows (Fig. 1D), in which numerous bacterial cells
were present (Fig. 1E).

Characterization of the symbiont. We dissected 26 adult in-
sects collected from six natural populations of P. splendens (Table
1). The dissected midgut fourth sections were individually sub-
jected to DNA extraction and PCR amplification of a bacterial 16S
rRNA gene. Direct sequencing of the PCR products consistently
yielded clear fluorescence profiles, indicating that a single bacte-
rial species was dominant in each symbiotic organ. Almost all the
sequences were identical to each other, except for a sequence from
the insect sample Itoman3, containing a single nucleotide substi-
tution. Moreover, 4 of the 26 samples (Ishigakil, Ishigaki2,
Nago4, and Itoman5) were subjected to cloning of the PCR prod-
ucts and sequencing of multiple clones. For 8 clones from each
sample, all the sequences were identical to each other. Molecular
phylogenetic analysis based on the 16S rRNA gene sequences
showed that the gut symbionts of P. splendens formed a distinct
lineage in the Enterobacteriaceae of the Gammaproteobacteria,
clustering with the gut symbionts of stinkbugs Acrosternum hilare,
Euschistus heros, and Thyanta pallidovirens, and also with several
Erwinia species (Fig. 2). Notably, the gut symbionts of P. splendens
were not allied to the gut symbiont of a closely related congenic
stinkbug P. stali (Fig. 2). On the other hand, when the dissected
ovaries and testes were individually subjected to DNA extraction
and PCR of the bacterial 16S rRNA gene, no amplification was
observed, indicating the absence of the gut symbiont and other
symbiotic bacteria like Wolbachia in the reproductive organs of P.
splendens.
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FIG 4 Survival and growth of Plautia splendens with and without symbiont-
sterilizing treatment. (A) Insects from the control egg masses without treat-
ment; (B) insects from the sterilized egg masses whose surface was treated with
formalin.

Localization of the symbiont. Whole-mount in situ hybridiza-
tion targeting bacterial 16S rRNA confirmed the symbiont local-
ization within the midgut fourth section (Fig. 1F and G). In situ
hybridization of tissue sections of the symbiotic organ visualized
the symbiont cells densely populating the inner cavity of the
crypts, whereas few symbiont signals were found in the main tract
of the midgut fourth section (Fig. 1H). Transmission electron
microscopy detected numerous rod-shaped bacterial cells within
the crypt cavities (Fig. 11 and J).

Vertical transmission of the symbiont. We collected 29 newly
laid egg masses of P. splendens and randomly allocated them to
two experimental groups: 15 control egg masses without treat-
ment and 14 surface-sterilized egg masses treated with formalin.
Nymphs from these egg masses were harvested after the second-
instar molt and subjected to diagnostic PCR detection of the sym-
biont. In the control group, most of the nymphs (44/48 = 91.7%)
were symbiont positive, which was in sharp contrast with the ster-
ilized group, wherein all the nymphs (0/48 = 0%) were symbiont
negative. These results indicate that the symbiont is vertically
transmitted to the next generation of P. splendens via egg surface
contamination, as known for many other stinkbugs (1, 12-21).
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FIG 5 Female-specific enlarged crypts at the posterior midgut symbiotic
organ of Plautia splendens. (A, B) The posterior end of the symbiotic organ of
adult females, in which the enlarged end crypts are highlighted by brackets;
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Population dynamics of the symbiont. We examined the in-
fection dynamics of the symbiont through the developmental
course of P. splendens by quantitative PCR targeting a gyrB gene of
the symbiont (Fig. 3). While no symbiont was detected in first-
instar nymphs just after hatching, 3-day-old first instar nymphs
exhibited the symbiont titers around 7.8 X 10* per insect. As the
nymphs grew, the symbiont titers steadily increased, finally attain-
ing 4.5 X 10° per insect in adult females (Fig. 3).

Fitness effects of the symbiont. We collected 25 newly laid egg
masses of P. splendens and randomly allocated them to two exper-
imental groups: 13 control egg masses (in total 177 eggs) without
treatment and 12 surface-sterilized egg masses (in total 172 eggs)
treated with formalin. These egg masses were separately reared for
36 days in sterilized plastic petri dishes with sterilized raw peanuts
and sterilized distilled water containing 0.05% ascorbic acid. The
hatching rates were 96.0% (170/177) in the control group and
94.2% (162/172) in the sterilized group, indicating no detrimental
effects of the sterilizing treatment. In the control group, 47.6%
(81/170) of the newborn nymphs survived for 36 days, and all of
them became adult (Fig. 4A). In the sterilized group, by contrast,
only 3.1% (5/162) of the newborn nymphs survived for 36 days,
and none of them attained adulthood (Fig. 4B). These results in-
dicate that the symbiont is important for normal growth and sur-
vival of P. splendens.

Female-specific enlarged crypts at the posterior end of the
midgut symbiotic organ. Through close inspection of the
midgut symbiotic organs of P. splendens, we found a notable
sex-related structural difference. In adult females, several crypts at
the posterior end of the midgut fourth section were swollen and
looked translucent (Fig. 5A and B), while such structure was not
found in adult males (Fig. 5C and D). Numbers of the swollen end
crypts were 3 to 6 end crypts in 4 rows (17.1 £ 2.1; n = 13). In
females at the fifth instar, the end crypts were not swollen but were
structurally distinct from the adjacent normal crypts: smaller in
size and without yellowish coloration (Fig. 5E). In males at the
fifth instar, in contrast, the end crypts looked similar to the adja-
cent normal crypts (Fig. 5F). In situ hybridization of tissues sec-
tions revealed that (i) unlike the normal crypts, the inner cavity of
the swollen crypts were often not full of the symbiont cells, which
were associated mainly with the crypt wall (Fig. 5G), and (ii) it was
frequently observed that, from the swollen crypts, the symbiont
cells were released to the midgut main tract (Fig. 5H), which was
seldom observed with the normal crypts throughout the stretch of
the midgut symbiotic organ. We also inspected the midgut sym-
biotic organs of other pentatomid stinkbugs, Plautia stali (Fig. 6A)
and Carbula crassiventris (Fig. 6B). In both species, the female-
specific swollen end crypts were identified (Fig. 6C to F), which
were 4 to 7 end crypts in 4 rows (20.5 = 1.6; n = 10) in P. stali and
3 to 5 end crypts in 4 rows (15.6 = 1.7; n = 10) in C. crassiventris.

(C, D) the posterior end of the symbiotic organ of adult males, in which no
enlarged crypts are seen; (E) the posterior symbiotic organ of a fifth-instar
female, in which the end crypts are not enlarged but structurally distinct from
the adjacent normal crypts; (F) the posterior symbiotic organ of a fifth-instar
male; (G) in situ hybridization of the symbiotic bacteria in the enlarged end
crypts of an adult female; (H) an enlarged image of the junction between the
crypt and the main tract of the midgut. Arrows indicate the symbiont cells
discharged from the enlarged crypt to the main tract. Panels A, C, E, and F are
bright-field images, whereas panels B, D, G, and H are fluorescence images.
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FIG 6 Female-specific enlarged crypts at the posterior midgut symbiotic or-
gan of other stinkbugs of the family Pentatomidae. (A to C) Plautia stali; (D to
F) Carbula crassiventris; (A, D) adult females; (B, E) the posterior end of the
symbiotic organ of adult females, in which the enlarged end crypts are high-
lighted by brackets; (C, F) the posterior end of the symbiotic organ of adult
males, in which no enlarged crypts are seen.

DISCUSSION

Here, we demonstrated that the bacterial symbiont of P. splendens
is localized within the crypt cavity of the midgut fourth section
extracellularly (Fig. 1F to H), smeared on the egg surface upon
oviposition by adult females, orally acquired by newborn nymphs
(Fig. 1B), and thereby transmitted vertically to the next generation
(Fig. 3) and important for growth and survival of the host insects
(Fig. 4). Such obligate symbiotic bacteria associated with the
midgut symbiotic organs have been described from a variety of
stinkbugs of the families Pentatomidae (15, 17, 18, 20, 21, 34, 44),
Scutelleridae (16, 45, 46), Cydnidae (19), Plataspidae (24, 25, 47,
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48), Acanthosomatidae (14), Parastrachiidae (22), Urostylididae
(26), and others. As are the cases of the gut symbiotic bacteria
associated with the stinkbugs representing the superfamily Pen-
tatomoidea (21, 49, 50), the gut symbiont of P. splendens was
placed within the Enterobacteriaceae of the Gammaproteobacteria,
in contrast to the betaproteobacterial gut symbionts widely found
across the superfamilies Lygaeoidea and Coreoidea (5). Although
P. splendens is closely related and congenic to the brown-winged
green stinkbug P. stali, the gut symbiont of P. splendens was phy-
logenetically distinct from the gut symbiont of P. stali (Fig. 2) (49,
51), reflecting the polyphyletic and promiscuous nature of the
host-symbiont associations in the Pentatomidae (21, 49).

In this study, the gut symbiont was shown to be important
for normal growth and survival of P. splendens (Fig. 4), but exact
biological roles of the symbiont deserve future studies. On the
grounds that nutritional bacterial symbionts that supply essen-
tial amino acids, vitamins, or other nutrients deficient in their
host’s diet are widespread among plant-sucking members of the
Hemiptera (52, 53), the symbiont of P. splendens may also play a
nutritional role. Since P. splendens was experimentally fed with
protein-rich peanuts and soybeans in this study, amino acid pro-
visioning by the symbiont seems not relevant, raising the possibil-
ity of vitamin provisioning by the symbiont, as demonstrated in
the seed-sucking cotton stainer bug Dysdercus fasciatus (54). On
the other hand, it should be noted that in the field, adults and
nymphs of P. splendens are frequently found sucking flower buds
and receptacles of wild thistles, which are plausibly less nutritious
than peanuts and soybeans. Under the natural condition, there-
fore, the symbiont’s provisioning of other nutrients should also be
taken into account. Considering that a variety of biological roles
other than nutritional ones are attributed to facultative bacterial
symbionts of diverse insects (55) and that many stinkbugs harbor
not only the obligate gut symbionts but also facultative bacterial
symbionts like Wolbachia, Sodalis, Rickettsia, Spiroplasma, Lar-
iskella, etc. (44, 56-58), the possibility of nonnutritional roles of
the symbiont should also be considered.

In previous studies, elaborate, and often spectacular, female-
specific cellular, morphological, and developmental traits spe-
cialized for vertical symbiont transmission have been reported
from stinkbugs of the families Plataspidae, Urostylididae, Para-
strachiidae, etc. (14, 22, 26, 27). In this study, although less
conspicuous, we found that several rows of crypts at the poste-
rior end region of the symbiotic midgut are morphologically
differentiated and conspicuously enlarged specifically in adult
females of P. splendens (Fig. 5). While the symbiont cells are con-
fined within the crypts and seldom found in the main tract
throughout the stretch of the midgut symbiotic organ (Fig. 1H),
we observed that the female-specific enlarged end crypts often
released the symbiont cells to the main tract cavity (Fig. 5G and
H). The enlarged end crypts were also found in adult females of
other pentatomid species P. stali and C. crassiventris (Fig. 6). Early
morphological studies on the alimentary tract of stinkbugs docu-
mented that the midgut crypts closest to the hindgut are substan-
tially enlarged in adult females of such pentatomid species as Gra-
phosoma italicum, Palomena prasina, Pentatoma rufipes, and
Peribalus vernalis (1, 30, 31). These results suggest that the en-
larged end crypts represent a female-specific morphological trait
specialized for vertical symbiont transmission commonly found
among stinkbugs of the family Pentatomidae. The hypothesis that
the symbiont transmission organ presumably evolved in the com-
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mon ancestor of extant pentatomid stinkbugs is, although further
experimental works are needed to verify this idea, in impressive
contrast with the polyphyletic evolutionary origins of the gut sym-
biotic bacteria in the Pentatomidae (21, 49).

In the southern green stinkbug Nezara viridula, it has been
reported that a basal region of the ovarioles, called the ovarial
pedicel, excretes a glue-like substance for attaching eggs onto sub-
strata upon oviposition, and the gut symbiotic bacteria are ex-
creted from the anus and smeared on the egg surface together with
the glue-like substance (13, 17, 59). Considering that all pentato-
mid species attach their eggs onto substrata (32), the glue-like
substance is likely also produced by the ovarial pedicel of P. splen-
dens and other pentatomid stinkbugs. If so, the symbiont-contain-
ing material smeared on the egg surface upon oviposition may
consist of at least two types of secretions derived from distinct
organs: the symbiont-containing secretion from the enlarged end
crypts and the glue-like secretion from the ovarial pedicel. Con-
ceivably, though speculative, the glue-like secretion may attach
and stabilize the symbiont cells on the egg surface, whereas the
crypt secretion may play a role in ex-host survival of the symbiotic
bacteria. In this context, transcriptomic analyses of the enlarged
end crypts and the ovarial pedicel of the pentatomid stinkbugs will
provide further insights into molecular, biochemical, and func-
tional aspects of the symbiont-containing materials involved in
vertical symbiont transmission.

Through continuous host-symbiont interactions over evo-
lutionary time, not only the symbiotic bacteria but also the host
organisms often develop specialized cells, tissues, and organs,
such as root nodules in the legume-Rhizobium nitrogen-fixing
symbiosis (60), symbiotic light organs in the squid-Vibrio lumi-
nescent symbiosis (61), and bacteriocytes, bacteriomes, and gut
symbiotic organs in diverse insect-microbe symbioses (1). The
elaborate female-specific tissues and organs found in a variety of
stinkbugs for ensuring vertical symbiont transmission, which
have presumably evolved in the different lineages independently,
will provide unique model systems for molecular, developmental,
and evolutionary understanding of the symbiosis-driven coevolu-
tion. In this context, it is notable that P. splendens and allied stink-
bugs are easily maintainable in the laboratory and experimentally
tractable and that the female-specific tissues and organs are suit-
able for comparative transcriptomics between female insects and
male insects and also between symbiotic insects and aposymbiotic
insects.
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