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The vertical transmission of symbiotic microorganisms is omnipresent in insects, while the evolutionary process remains totally
unclear. The oriental chinch bug, Cavelerius saccharivorus (Heteroptera: Blissidae), is a serious sugarcane pest, in which symbi-
otic bacteria densely populate the lumen of the numerous tubule-like midgut crypts that the chinch bug develops. Cloning and
sequence analyses of the 16S rRNA genes revealed that the crypts were dominated by a specific group of bacteria belonging to the
genus Burkholderia of the Betaproteobacteria. The Burkholderia sequences were distributed into three distinct clades: the Burk-
holderia cepacia complex (BCC), the plant-associated beneficial and environmental (PBE) group, and the stinkbug-associated
beneficial and environmental group (SBE). Diagnostic PCR revealed that only one of the three groups of Burkholderia was pres-
ent in ~89% of the chinch bug field populations tested, while infections with multiple Burkholderia groups within one insect
were observed in only ~10%. Deep sequencing of the 16S rRNA gene confirmed that the Burkholderia bacteria specifically colo-

nized the crypts and were dominated by one of three Burkholderia groups. The lack of phylogenetic congruence between the
symbiont and the host population strongly suggested host-symbiont promiscuity, which is probably caused by environmental
acquisition of the symbionts by some hosts. Meanwhile, inspections of eggs and hatchlings by diagnostic PCR and egg surface
sterilization demonstrated that almost 30% of the hatchlings vertically acquire symbiotic Burkholderia via symbiont-contami-
nated egg surfaces. The mixed strategy of symbiont transmission found in the oriental chinch bug might be an intermediate
stage in evolution from environmental acquisition to strict vertical transmission in insects.

nsects that feed exclusively on nutritionally limited or persistent

food sources, such as plant phloem sap, vertebrate blood, or
woody materials, commonly possess symbiotic microorganisms in
their guts (1-3). Symbiotic microbes are essential for host survival
and reproduction and play pivotal roles in host metabolism, such as
providing essential nutrients and digesting food materials (2, 4,5). To
ensure that offspring acquire these microbial partners, insects have
evolved diverse mechanisms for vertical transmission of the symbi-
onts, including ovarial transmission in aphids, egg smearing in ano-
biid beetles, coprophagy in termites, milk gland transmission in tsetse
flies, and capsular transmission in plataspid stinkbugs (1, 6-10). In
many cases, host insects and symbiotic microbes have phylogenetic
congruence (5, 8, 11), strongly suggesting that these symbiotic asso-
ciations have been maintained by strict vertical transmission. Despite
the diversity of sophisticated vertical transmission mechanisms in
insects, the evolution of this trait remains unclear.

A number of phytophagous species of the Heteroptera harbor
symbiotic bacteria in the lumen of midgut crypts (1, 12, 13). Mo-
lecular phylogenetic studies have revealed that stinkbug symbi-
onts are diverse: Gammaproteobacteria in the stinkbug superfam-
ily Pentatomoidea, Actinobacteria in the Pyrrhocoroidea, and
isolates of the Betaproteobacteria genus Burkholderia in other in-
sects (3, 14, 15). A recent broad survey of Burkholderia infection in
the heteropteran insects has demonstrated that the Burkholderia
symbiosis is prevalent among the superfamilies Coreoidea and
Lygaeoidea (16). The symbiotic Burkholderia isolates identified
from these stinkbugs formed a cluster mixed together with soil-

5974 aem.asm.org

Applied and Environmental Microbiology p. 5974-5983

derived strains that is called the stinkbug-associated beneficial and
environmental group (SBE) (17). In the SBE clade, the phylogeny
of the stinkbug-associated Burkholderia did not reflect host spe-
cies or populations (16), suggesting that host-symbiont promis-
cuity was caused by environmental acquisition of the symbionts.
The environmental transmission of Burkholderia symbionts has
been proven in a coreoid species, Riptortus pedestris (18).
Microbial symbiosis without vertical transmission is omni-
present among marine invertebrates and terrestrial plants, such as
the well-known squid-Vibrio and legume-Rhizobium symbioses,
respectively (19). However, a similar association is rarely found in
terrestrial invertebrates, except in the stinkbug group, whiteflies
(20), and thrips (21). Symbiotic associations without vertical
transmission are thought to be remnants of an early evolutionary
stage (or preliminary stage) of the more commonly found endo-
symbiosis in insects that requires the strict vertical transmission of
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Gut Symbiosis in the Oriental Chinch Bug

FIG 1 Bacterial endosymbiosis in the oriental chinch bug, C. saccharivorus

. (A) A male adult. (B) A dissected alimentary tract. (C) Fluorescent in situ

hybridization targeting 16S rRNA of bacteria in a dissected midgut. Red, bacteria hybridizing to an Alexa 555-conjugated EUB338 probe; blue, host insect nuclei
stained with DAPI (4',6-diamidino-2-phenylindole). Abbreviations in panels B and C: M1, first midgut section; M2, second midgut section; M3, third midgut
section; M4, fourth midgut section with tubular crypts (symbiotic organ); M4B, M4 bulb; H, hindgut. (D) Transmission electron microscope image of a midgut
crypt. (E) An enlarged transmission electron microscope image of a midgut crypt. Abbreviations in panels D and E: N, host nucleus; S, symbiotic bacterium. Bars,

1 mm (A and B), 0.5 mm (C), 10 pm (D), and 2 pm (E).

symbionts. Hence, understanding Burkholderia symbiosis in the
Coreoidea and Lygaeoidea stinkbug lineages will provide insight
into the evolution of symbiotic relationships in insects.

The oriental chinch bug, Cavelerius saccharivorus (Fig. 1A) (Ly-
gaeoidea: Blissidae), an economically important sugarcane (Saccha-
rum officinarum) pest, is widely distributed in southeastern Asia (22,
23). In a closely related blissid species, Blissus insularis, the gut sym-
biotic association has been characterized in detail (24). As shown in
other coreoid and lygaeoid stinkbugs (16, 25), there was no phyloge-
netic congruence between the symbiont and host population, and
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symbiont strains formed a mixed clade with soil-derived Burkhold-
eria strains, suggesting environmental transmission of the symbi-
onts in B. insularis (24). However, quantitative PCR (qPCR) re-
vealed that there were also dense populations of Burkholderia
associated with B. insularis eggs (24), which prompted us to hy-
pothesize that there is vertical transmission of symbionts via eggs
in the chinch bug-Burkholderia symbiotic association.

The objectives of this study were to investigate the symbiont
transmission mechanism and microdiversity of symbiotic micro-
biota in the oriental chinch bug, C. saccharivorus. A histological
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TABLE 1 Number and sources of Cavelerius saccharivorus insects examined in this study

No. of insects tested

Sample Collection date
Sampling island® identifier (yr.mo.day) Collector Sequencing Diagnostic PCR?
Okinawa OK 2010.8.4 A. Nagayama 3¢ 54
Kita-Daito KD 2011.6.15 A. Nagayama 2¢ 4
Minami-Daito MD* 2010.9.15 A. Nagayama 3¢ 45
MD-1” 2013.6.28 A. Nagayama 10
MD-I1* 2014.5.19 M. Aizawa
Ishigaki 1G 2010.9.15 H. Kodama 2¢ 4
Yonaguni YG 2010.8.25 A. Nagayama 2¢ 5

“ Eggs from several pairs were inspected by diagnostic PCR and subjected to the egg surface sterilization test; results are summarized in Table 4. The pairs were excluded from

sequencing and diagnostic PCR analyses.

b Insects used for 165 rRNA gene Illumina deep sequencing of the 16S rRNA gene; results are summarized in Table S2 in the supplemental material.
¢ Insects used for 16S rRNA gene low-throughput Sanger sequencing; results are summarized in Table S1 in the supplemental material.

9 Results are summarized in Table 3.
¢ All samples were collected from sugarcane fields.

approach was used to examine the in vivo distribution of microbes
in C. saccharivorus. The microdiversity and potential environ-
mental transmission of symbionts were determined using molec-
ular phylogenetic analysis by low-throughput and deep sequenc-
ing of bacterial 16S rRNA genes. A Burkholderia group-specific
diagnostic PCR comparing hatchlings from sterilized and unster-
ilized egg surfaces was used to determine vertical transmission.

MATERIALS AND METHODS

Insects. The sources of the 134 C. saccharivorus chinch bugs that were
collected from five different islands in Okinawa Prefecture of Japan and
examined in this study are listed in Table 1. The insects were freshly dis-
sected under a dissection microscope in a plastic petri dish filled with
phosphate-buffered saline (PBS), and a pair of fine forceps was used to
remove the midgut fourth section (Fig. 1B) from either 5th instar nymphs
or adult insects. The dissected tissues were subjected to DNA extraction
and PCR. Of the 134 insects, 12 insects (6 5th instar nymphs and 6 adults)
representing different populations from five islands of Okinawa Prefec-
ture were used for cloning and low-throughput sequence analyses, 10
adults from Minami Daito Island were used for deep sequencing, and the
other 112 adult insects were used for diagnostic PCR (Table 1).

Laboratory production of insect eggs and hatchlings. In order to
produce eggs and hatchlings, nine pairs of adult insects from Minami-
Daito Island (Okinawa Prefecture, Japan) were kept together in the labo-
ratory at 25°C under a long-day regime (16 h light and 8 h dark). A diet of
fresh sugarcane shoots was regularly provided. Eggs were collected and
transferred to a sterile plastic petri dish. About half the eggs (n = 107)
were used for DNA extraction, and the remaining 112 were incubated
under conditions similar to those used for the adults until they hatched.
The hatchlings were reared under aseptic conditions in sterilized petri
dishes and fed distilled water supplemented with 0.05% ascorbic acid for
4 days, after which their DNA was extracted and then subjected to diag-
nostic PCR for detection of the Burkholderia symbionts. The eggs and
hatchlings were reared in the absence of adult insects.

Egg surface sterilization. Egg surface sterilization was used to test
whether the bacteria on egg surfaces were a potential source of gut sym-
bionts in the hatchlings. Ninety-seven eggs were collected from laborato-
ry-reared adult pairs of C. saccharivorus chinch bugs and treated with 70%
ethanol for 10 min to sterilize the surfaces. The experimental eggs were
kept in a sterile petri dish with a wet cotton ball at 25°C until they hatched.
Then, hatchling feeding and subsequent DNA extraction and PCR were
carried out as described above for the nonsterilized eggs. The infection
status of the parent insects was confirmed by diagnostic PCR detection.
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Transmission electron microscopy. Insects collected from the main
island of Okinawa were placed in 0.1 M sodium phosphate buffer (pH 7.4)
containing 2.5% glutaraldehyde and dissected with fine forceps. The
midgut crypts were isolated, prefixed in the fixative at 4°C overnight, and
then postfixed in 2% osmium tetroxide at 4°C for 60 min. After a series of
dehydration steps with ethanol, the materials were embedded in Epon 812
resin (TAAB Ltd.). Ultrathin sections were made using an ultramicrotome
(EM UC7; Leica), mounted on copper mesh, stained with uranyl acetate
and lead citrate, and then observed under a transmission electron micro-
scope (H-7600; Hitachi).

FISH. Oligonucleotide probes EUB338 and BET940 (26, 27) whose 5’
ends were labeled with Alexa Fluor 555 were used for 16S rRNA-targeted
fluorescent in situ hybridization (FISH) (Table 2). Insects from the main
island of Okinawa were dissected, thoroughly washed in PBS (137 mM
NaCl, 8.1 mM Na,HPO,, 2.7 mM KCl, 1.5 mM KH,PO, [pH 7.5]), and
fixed in Carnoy’s solution (ethanol, chloroform, acetic acid [6:3:1]). After
overnight fixation, the tissues were treated with 6% hydrogen peroxide in
80% ethanol for several days to quench the autofluorescence of the tissues
(28). The tissues were washed with absolute ethanol and a buffer consist-
ing of PBS containing 0.2% Tween 20 (PBST) and then incubated in a
hybridization buffer (20 mM Tris-HCI [pH 8.0], 0.9 M NaCl, 0.01% so-
dium dodecyl sulfate, 30% formamide) three times for 5 min each time.
Then, the samples were hybridized with hybridization buffer containing
the probes (100 nM each) and SYTOX green (0.25 pM) and incubated
overnight at room temperature. After thorough washing with PBST, the
tissues were mounted with Slowfade antifade solution (Invitrogen) and
observed under a fluorescence microscope (DMI 4000 B; Leica). To con-
firm the specificity of the detection, a no-probe control assay and FISH
using the anti-EUB338 probe were performed.

DNA extraction. Extraction of DNA from the dissected tissues, eggs,
and hatchings was performed using a QIAamp DNA minikit (Qiagen)
according to the manufacturer’s instructions. The quantity and quality of
the extracted DNA were checked using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies) and by calculating the ratio of the
absorbance at 260 nm/absorbance at 280 nm.

DNA cloning and low-throughput sequencing. Using DNA extracts
from midgut tissues, a 1.5-kb region of the bacterial 16S rRNA gene was
amplified by PCR using primers 16SA1 and 16SB1 (29) (Table 2) and
AmpliTag Gold DNA polymerase (Applied Biosystems). Thermal cycling
conditions were 95°C for 10 min, followed by 30 cycles of 95°C for 30 s,
55°C for 1 min, and 72°C for 2 min. Cloning and sequencing of the am-
plified products were performed as previously described (18).

Molecular phylogenetic analysis of clone library data. Sequences ob-
tained from clone library analyses were subjected to a BLASTn search
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TABLE 2 Primers and probes used in this study

Gut Symbiosis in the Oriental Chinch Bug

Approximate
product size Annealing ~ Reference or
Target group Target gene  Primer/probe name  Nucleotide sequence (5" —3') (kb) temp (°C)  source
Primers
Eubacteria 16S rRNA 16SA1 AGAGTTTGATCMTGGCTCAG 1.5 55 29
16SB1 TACGGYTACCTTGTTACGACTT 29
Eubacteria 16S rRNA 515F GTGCCAGCMGCCGCGGTAA 0.3 54 36
806R GGACTACHVGGGTWTCTAAT 36
Burkholderia
SBE clade 16S rRNA SBE160F CGCATACGACCTAAGGGA 1.3 55 This study
SBE1400R CTTGCGGTTAGGCTACCT This study
BCC clade 16S rRNA BCC370F TTTTGGACAATGGGCGAAAG 0.8 55 This study
Burk16SR GCTCTTGCGTAGCAACTAAG 25
PBE clade 16S rRNA Burk16SF TTTTGGACAATGGGGGCAAC 0.5 55 25
PBES822R CTTCGTTACCAAGTCAATGAAGA This study
Invertebrates coI LCO1490 GGTCAACAAATCATAAAGATATTGG 0.7 48 35
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA 35
Probes
Eubacteria 16S rRNA EUB338 GCTGCCTCCCGTAGGAGT 26
Betaproteobacteria 16S rRNA BET940 TTAATCCACATCATCCACCG 27

against the sequences in the Greengenes database (30) using the BLAST
(version 2.2.27+) program (31). Multiple alignments of the nucleotide
sequences were generated using the MAFFT program (32). The neighbor-
joining (NJ) and maximum likelihood (ML) phylogenies were inferred
using MEGA (version 4.0.2) software (33). The ML tree was estimated
using the Tamura-Nei substitution model (34). Bootstrap tests were per-
formed with 1,000 replications in the NJ and ML analyses.

Diagnostic PCR. Burkholderia-specific PCR was used to detect the
presence of specific clades in total DNA extracts from the midgut crypts or
whole abdomens of adult insects. It was also used to investigate the vertical
transmission of the symbionts using total DNA extracted from individual
eggs and hatchlings (i.e., 1st instar nymphs) (see Table 4). PCR was per-
formed using Ampdirect Plus (Shimazu) and Burkholderia group-specific
primers (Table 2) under a temperature profile of 95°C for 10 min, fol-
lowed by 30 cycles of 95°C for 30's, 55°C for 1 min, and 72°C for 1 min. The
specificity of the primer sets was confirmed by a BLAST search of the
primer sequences, sequence analysis of the amplified products, and PCR
amplicon confirmation of target and nontarget Burkholderia strains:
Burkholderia sp. strain RPE64 and Burkholderia sp. strain SFA1 for
the SBE clade, Burkholderia gladioli MDT24-1 for the Burkholderia cepacia
complex (BCC) clade, and Burkholderia caribensis MWAP64
(DSM13236) and Burkholderia fungorum P763-2 (DSM17061) for the
plant-associated beneficial and environmental (PBE) clade. To check the
quality of the DNA samples, a 0.65-kb region of the insect mitochondrial
cytochrome oxidase I (COI) gene was amplified with primers LCO1490
and HCO2198 (35) (Table 2).

Deep sequencing of 16S rRNA gene. DNA extracted from the midgut
crypts of 10 females collected from Minami-Daito Island was individually
subjected to PCR amplification of the 16S rRNA gene for Illumina deep
sequencing. The V4 variable region of the bacterial 16S rRNA genes was
amplified using universal primers 515F and 806R (36) (Table 2). The PCR
mixture was comprised of 50 uM deoxynucleoside triphosphates, 0.4 uM
primer 515F with Illumina P5 sequences attached, 0.4 wM primer 806R
with 6-base indexes and Illumina P7 sequences (Illumina), Q5 high-fidel-
ity DNA polymerase with Q5 reaction buffer (New England BioLabs), and
extracted insect DNA as the template. The PCR conditions were as fol-
lows: initial denaturation at 98°C for 90 s, followed by 35 cycles of 98°C for
105, 54°C for 30 s, and 72°C for 30 s. The PCR products were first purified
using AMPure XP beads (Agencourt Bioscience). The presence of DNA
with the desired size was confirmed using a 0.7% agarose gel containing
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1.15% SYNERgel (Diversified Biotech) stained with SYBR Gold nucleic
acid gel stain (Invitrogen). After electrophoresis, the PCR amplicons were
excised from the gels and purified using a QIAquick gel extraction kit
(Qiagen). DNA libraries containing all tagged amplicons and the internal
control (bacteriophage phiX) were generated for paired-end sequencing
using a MiSeq reagent kit (version 2; Illumina) and sequenced using an
Ilumina MiSeq instrument according to the manufacturer’s instruction.

Data analysis of deep sequencing. Internal control phiX sequences
were removed by use of an analysis pipeline using the Burrows-Wheeler
aligner program (version 0.7.4) (37). The remaining paired sequences
were joined together using the fastq-join tool in ea-utils (version 1.1.2; E.
Aronesty, ea-utils: command-line tools for processing biological sequenc-
ing data [http://code.google.com/p/ea-utils]). fastq-formatted data for
the combined sequences with a Q-score cutoff of >30 were converted to
the fasta format using the macqiime program (version 1.6.0) (38). Chi-
meric and singleton sequences were removed using the Mothur program
(version 1.29.2) (39). The resulting sequences were subjected to taxo-
nomic assignment using the RDP multiclassifier (version 1.1) (40) with a
50% confidence threshold. On the basis of these assignments, Burkhold-
eria sequences were retrieved and clustered into operational taxonomic
units (OTUs), which were defined as clusters having <1% sequence dif-
ferences, using the macqiime program (version 1.6.0) (38). The Burkhold-
eria phylotypes of representative sequences of each OTU were identified
by analysis against our collection of Burkholderia sequences derived from
soils, plants, and stinkbugs using the BLASTn algorithm in the BLAST
(version 2.2.27+) program (31).

qPCR. Quantitative PCR (qPCR) was performed to amplify 16S rRNA
genes of the domain Bacteria using a Power SYBR green PCR master mix
(Applied Biosystems) and a LightCycler 96 system (Roche Applied Sci-
ence). The reaction mixture was comprised of 2X SYBR green PCR mas-
ter mix, 0.2 WM Bacteria group-specific primers 515F and 806R (36) (Ta-
ble 2), 0.5 pg/pl bovine serum albumin, and gut tissue DNA as the
template. The PCR conditions were as follows: initial denaturation at
95°C for 10 min, followed by 45 cycles of 95°C for 30 s, 57°C for 30's, and
72°C for 30 s. The total number of bacterial 16S rRNA gene copies was
calculated on the basis of a standard curve constructed using a dilution
series of the target PCR product of Burkholderia sp. SFA1 (DDBJ accession
no. AB232333).

Nucleotide sequence accession numbers. The nucleotide sequences
of the 16S rRNA genes determined in this study have been deposited in the
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54

Burkholderia sp. MDT50 [AB665361] (stinkbug, C. saccharivorus)k

‘Burkholderia sp. MD-3 [AB916418] (stinkbug, C. saccharivorus)
Burkholderia sp. KD-2 [AB916435] (stinkbug, C. saccharivorus)
Burkholderia sp. 1G-1 [AB916389] (stinkbug, C. saccharivorus)
Burkholderia sp. SaPR3 [JQ806434] (soil)

91

Burkholderia sp. UGJ17 [AB691577] (soil)
Burkholderia sp. RPE64 [AB558208] (stinkbug)

57 Burkholderia sp. MDT53 [AB665363] (stinkbug, C. saccharivorus) %

Burkholderia sp. KM-G [AB622646] (soil)

Burkholderia sp. TFA2 [AB232338] (soil)
Burkholderia sp. PAN137 [AB558190] (stinkbug)

Burkholderia sp. ASO50 [AB558194] (stinkbug)

Burkholderia sp. BurkA pop2 [JQ993912] (stinkbug, B. insularis)yk
Burkholderia sp. MD-1 [AB916406] (stinkbug, C. saccharivorus)
‘Burkholderia sp. KD-1 [AB916425] (stinkbug, C. saccharivorus)
Burkholderia sp. OK-2 [AB916369] (stinkbug, C. saccharivorus)

66 98

SBE

69 | Burkholderia sp. PEX84 [AB558181] (stinkbug)
Burkholderia sp. BurkA popl [JQ993895] (stinkbug, B. insularis)

Burkholderia sp. YG-1 [AB916445] (stinkbug, C. saccharivorus)
Burkholderia sp. MDT2 [AB665358] (stinkbug)

60

60 Burkholderia sp. FA2 [GU292560] (soil)

Burkholderia sp. FDS1 [AY550913] (soil)

Burkholderia sp. BurkA pop3 [1Q993929] (stinkbug, B. insularis)k
Burkholderia sp. SFA1 [AB232333] (soil)

Burkholderia sp. BurkA pop4 [JQ993964] (stinkbug, B. insularis)%
Burkholderia sp. BurkA pop5 [JQ993996] (stinkbug, B. insularis)%
Burkholderia sp. XWS-7 [1Q617901] (soil)

Burkholderia sp. YG-2 [AB916457] (stinkbug, C. saccharivorus)
Burkholderia sp. AKB2 [HQ220003] (plant)

B. glathei LMG14190 [U96935] (soil)
B. pseudomallei 1026b [NC_017831] (mammal)

B. vietnamiensis G4 [NC_009254] (water)

B. cenocepacia H12424 [NC_008542] (soil)
Burkholderia sp. BurkD popl [JQ994125] (stinkbug, B. insularis)k
Burkholderia sp. MD-2 [AB916412] (stinkbug, C. saccharivorus)

100

71

B. gladioli CACua-73 [HQ023278] (plant)
Burkholderia sp. AR16 [HM027903] (soil)

BCC

B. gladioli BSR3 [NR_102847] (plant)
‘Burkholderia sp. 1G-2 [AB916396] (stinkbug, C. saccharivorus)

86
Burkholderia sp. A618 [F1890896] (soil)

Burkholderia sp. BurkE pop5 [JQ994135] (stinkbug, B. insularis)k
B. fungorum UFLA04-130 [GU144369] (soil)
B. phenazinium LMG2247 [U96936] (soil)

B. phytofirmans PsJN [CP001053] (plant)
Burkholderia sp. DCY85-1 [KF999960] (soil)

58 B. tuberum STM678 [AJ302311] (plant)

Burkholderia sp. OK-3 [AB916379] (stinkbug, C. saccharivorus)
Burkholderia sp. OK-1 [AB916362] (stinkbug, C. saccharivorus)
97 |B. caribensis XVI [HM582870] (soil)
Burkholderia sp. A3114 [F1890892] (soil)

PBE

Burkholderia sp. BurkC pop2 [JQ994114] (stinkbug, B. insularis)k
B. diazotrophica JPY461 [HM366717] (plant)
Burkholderia sp. BurkB pop1 [JQ994044] (stinkbug, B. insularis)%

94
Burkholderia sp. BurkB pop3 [JQ994073] (stinkbug, B. insularis)k
72
? Burkholderia sp. WR43 [AB365791] (soil)
6 Burkholderia sp. BurkB pop2 [JQ994045] (stinkbug, B. insularis) %
98 Burkholderia sp. BurkB pop4 [JQ994093] (stinkbug, B. insularis)k
Pandoraea pul) icola LMG18106 [AF139175]
—
0.01
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TABLE 3 Prevalence of Burkholderia symbionts in field populations of Cavelerius saccharivorus

No. (%) of insects with the following infection pattern”:

Single Double

Collection site Total S B P SB SP BP Triple (SBP) None
Okinawa Island 54 23 23 5 0 1 2 0 0
Kita-Daito Island 4 4 0 0 0 0 0 0 0
Minami-Daito Island 45 20 13 4 3 1 3 1 0
Ishigaki Island 4 2 2 0 0 0 0 0 0
Yonaguni Island 5 4 0 0 0 0 0 0 1
Total 112 53 (47.3) 38 (33.9) 9 (8.0) 3(2.7) 2 (1.8) 5(4.5) 1(0.9) 1(0.9)

“ Single, diagnostic PCR detection of only one of the three clades tested, either the SBE (S), BCC (B), or PBE clade (P); Double, PCR detection of any two of the three clades; Triple,

PCR detection of all three clades; None, PCR detection of none of the three clades.

DDBJ/EMBL/GenBank nucleotide sequence database under accession
numbers AB916362 to AB916463 (clone libraries; see Table S1 in the sup-
plemental material) and the MG-RAST database (http://metagenomics
.anl.gov/) (41) as the Gut Symbiont of C_saccharivorus project under ac-
cession numbers 4555348.3 to 4555367.3 (Illumina sequencing libraries).

RESULTS

General observations of midgut crypts. The midgut of the orien-
tal chinch bug C. saccharivorus was divided into four morpholog-
ically different sections, designated M1 to M4 (Fig. 1B). White/
cream-colored tubule-like crypts with branched tracheae
developed in the M4 region. Light microscopy revealed large
numbers of rod-shaped bacteria contained in the crypts.

Fluorescence in situ hybridization. Symbiotic bacteria were
detected in the midgut crypts of C. saccharivorus chinch bugs (Fig.
1G; see also Fig. S1 in the supplemental material) using fluores-
cence in situ hybridization of EUB338, a universal probe for bac-
teria, and BET940, a probe specific for Betaproteobacteria. No
fluorescence signals were observed in the negative-control exper-
iments (i.e., experiments with a no-probe control and FISH with
the anti-EUB338 probe) (data not shown).

Transmission electron microscopy. Transmission electron
microscopic analysis of a dissected tubular crypt revealed the mi-
cromorphology of the chinch bug symbionts (Fig. 1D and E). The
crypt epithelial cells were very thin, and the luminal region was
filled with dense populations of rod-shaped bacteria. The rod-
shaped bacteria were 2 to 3 wm in length and showed well-devel-
oped cell walls. No bacterial structures were detected inside the
cytoplasm of the crypt epithelial cells.

Bacterial 16S rRNA gene sequences identified from the
midgut crypts. The top BLASTn matches of all 102 16S rRNA
gene sequences cloned from 12 C. saccharivorus midgut crypt sam-
ples were to members of the genus Burkholderia (see Table S1 in
the supplemental material). In each of the insects examined, se-
quences obtained from the same individual had greater than 99%
identity, and this criterion was used to define the operative taxo-
nomic unit (OTU) for phylogenetic analyses.

Phylogenetic placement of the gut symbiotic bacteria. Phylo-
genetic analysis of the 16S rRNA gene sequences from the chinch
bugs placed them into three Burkholderia clades. The majority of
the sequences (67.6%) belonged to the stinkbug-associated bene-
ficial and environmental (SBE) clade (Fig. 2) that we previously
defined from diverse coreoid and lygaeoid stinkbugs (16, 17). The
other Burkholderia sequences were placed into two clades previ-
ously defined by others: 15.7% in the Burkholderia cepacia com-
plex (BCC) (42) and 16.7% in the plant-associated beneficial and
environmental (PBE) group (43) (Fig. 2). The ML and NJ phylo-
genetic trees had similar topologies (Fig. 2; see also Fig. S2 in the
supplemental material).

Prevalence of the bacterial symbionts in natural populations
of the chinch bug. Diagnostic PCR surveys with clade-specific
primer sets indicated that Burkholderia symbionts belonging to
the three different clades, the SBE, BCC, and PBE clades, were
present in the field populations of C. saccharivorus (Table 3). In
the field populations, 89.3% (number of insects in which infection
was detected/total number = 100/112) of the insects were infected
with only one of the three clades, and the Burkholderia SBE clade
was the most prevalent (Table 3). Multiple infections with differ-
ent clades of Burkholderia was detected in only 9.8% (11/112) of
the insects; double and triple infections were detected in 8.9%
(10/112) and 0.9% (1/112) of the insects, respectively (Table 3).

Diagnostic PCR of eggs and hatchlings from eggs with and
without surface sterilization. Burkholderia-specific PCR using the
clade-specific primer sets indicated that 52% of eggs (number of eggs
in which infection was detected/total number = 56/107) and 29% of
hatchlings (number of hatchlings in which infection was detected/
total number = 32/112) reared under aseptic conditions were in-
fected with Burkholderia symbionts (Table 4). In the PCR-positive
samples, the Burkholderia SBE clade was the most frequently de-
tected, with a 47% infection rate in eggs and a 25% infection rate
in hatchlings. After egg surface sterilization, no Burkholderia sym-
biont infection of hatchlings was found (Table 4). These results

FIG 2 Phylogenetic placement of the gut symbiotic bacteria of C. saccharivorus on the basis of 16S rRNA gene sequences. A maximum likelihood tree inferred
from aligned 1,372-bp sequences of the 16S rRNA gene is shown. Sequences detected in this study are shown in bold, and sequence identifiers, such as OK-1 and
MD-1, correspond to the sample accession numbers in Table 1 and Table S1 in the supplemental material. Accession numbers in the DNA database (DDBJ/
EMBL/GenBank) are shown in brackets. The origins or sources of isolation of the Burkholderia strains/sequences are represented in parentheses. Stars indicate
gut symbionts detected from the southern chinch bug, Blissus insularis (24), and from C. saccharivorus in our previous study (17). The clades SBE, BCC, and PBE,
as described in references 17, 42, and 43, respectively, are shown on the right. Bootstrap values of >50% are depicted on the nodes. The phylogeny estimated by
neighbor-joining analysis has a similar topology (see Fig. S2 in the supplemental material).
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TABLE 4 Diagnostic PCR of Burkholderia symbionts in eggs and hatchlings of Cavelerius saccharivorus

No. (%) of insects with the following infection pattern”:

Single Double
Sample source Total S B P SB SP BP Triple (SBP) None Total
Eggs 107 50 3 3 0 0 0 0 64 56 (52.3)
Hatchlings
Untreated 112 28 2 2 0 0 0 0 80 32 (28.6)
Sterilized” 97 0 0 0 0 0 0 0 97 0(0)

“ Egg surfaces were sterilized by washing in 70% ethanol (see Materials and Methods for more details).
b Single, diagnostic PCR detection of only one of the three clades tested, either the SBE (S), BCC (B), or PBE clade (P); Double, PCR detection of any two of the three clades; Triple,

PCR detection of all three clades; None, PCR detection of none of the three clades.

strongly suggest that in the oriental chinch bug, Burkholderia sym-
bionts are in part transmitted from mother to offspring via eggs.

Deep sequencing and qPCR of the microbiota associated
with the midgut crypts. In C. saccharivorus collected from Mi-
nami-Daito Island, qPCR analysis showed that the number of
copies of the bacterial 16S rRNA gene averaged 6.9 X 10° = 9.2 X
10° in the anterior part of the midgut (i.e., M1 to M3) and 3.1 X
10® = 2.3 X 10° in the symbiotic organ (i.e., M4B and M4)
(mean = standard deviation [SD], n = 10) (Fig. 3).

[lumina deep sequencing of the 16S rRNA genes in the ante-

rior midgut revealed a diverse bacterial community, 329 genera
belonging to 20 phyla (Fig. 3), whereas over 99% of the symbiotic
organ sequences belonged to one genus, Burkholderia. The diver-
sity of Burkholderia phylotypes classified into OTUs (defined by
>99% sequence identity; see Table S2 in the supplemental mate-
rial) revealed that a single OTU dominated the midgut crypts with
aremarkably high (88.4% to 96.8%) relative abundance (see Table
S3 in the supplemental material). The diversity of OTUs dominat-
ing the symbiotic organ was limited and clustered into either the
SBE or PBE clade of Burkholderia (Fig. 4B; see Table S3 in the
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FIG 3 Taxonomic compositions of gut microbiota of C. saccharivorus at bacterial phylum- and genus-level resolutions. The 16S rRNA gene sequences obtained
by lllumina deep sequencing were classified using the RDP multiclassifier with a threshold level of 50%. Insects collected from Minami-Daito Island were used.
Circles on the left indicate the composition of the microbes in the anterior midgut (M1 to M3), while circles on the right indicate the composition of those in the
symbiotic organ (M4B and M4, not including the hind gut). The mean proportions for 10 individuals are shown. The bar graphs indicate the numbers of copies
of bacterial 16S rRNA genes (mean = SD, n = 10).
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FIG 4 Taxonomic compositions of symbiotic Burkholderia in the midgut of C.
saccharivorus. (A) Anterior midgut; (B) midgut crypts. The Illumina deep se-
quences annotated as Burkholderia were determined using BLASTn analysis
against the reference sequences used for Fig. 2. On the basis of >99% sequence
identity, these sequences were categorized into either the SBE or PBE clade.
The Burkholderia BCC clade was not detected in the 10 individuals examined.
Note that in all of the individuals, a single sequence from either the SBE or PBE
clade accounted for >88% of the sequences (see Tables S2 and S3 in the
supplemental material for more detailed information).

supplemental material). Of the 10 insects investigated, the Burk-
holderia SBE and PBE clades dominated in 7 and 3 individuals,
respectively. The Burkholderia symbionts were also detected in the
anterior part of the midgut (Fig. 4A), but their proportions were
much lower than those in the midgut region (Fig. 3).

DISCUSSION

In our previous study, a broad survey of Burkholderia infection
among members of the infraorder Pentatomomorpha showed
that this symbiotic bacterium is prevalent in the superfamilies
Coreoidea and Lygaeoidea (16). Phylogenetic analysis indicated
that Burkholderia symbionts were associated with select species of
Heteroptera superfamilies, such as R. pedestris, Togo hemipterus,
and Dimorphopterus pallipes. The symbionts formed a group
along with some soil-derived Burkholderia strains, which is called
the SBE clade (16, 17). In this study we identified two additional
groups of crypt-associated Burkholderia from the oriental chinch
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bug that cluster in previously defined Burkholderia groups, the
Burkholderia cepacia complex (BCC) and the plant-associated
beneficial and environmental (PBE) group (17, 42, 43). Recently,
crypt-associated symbionts of the southern chinch bug, Blissus
insularis, were investigated by cloning and sequencing analyses,
and diverse groups of Burkholderia, including Burkholderia of the
BCC and PBE clades, were identified (24). These results suggest
that these two additional groups of symbionts are commonly as-
sociated with the family Blissidae, and phylogenetically more di-
verse Burkholderia species might be found in coreoid and lygaeoid
stinkbugs using broader and more in-depth analyses.

In the oriental chinch bug, the environmental acquisition of sym-
bionts was indicated by three findings. First, the three Burkholderia
clades (the BCC, PBE, and SBE clades) found in the oriental
chinch bug did not form a monophyletic group (Fig. 2). Second,
the symbiont phylogeny did not reflect the host population.
Third, stinkbug-associated strains had 16S rRNA gene sequences
highly similar or identical to those of soil-derived Burkholderia
strains. These results strongly suggest the promiscuous nature of
the symbiotic association between the chinch bug and the Burk-
holderia symbionts, as shown by the environmental acquisition of
symbionts in the bean bug, R. pedestris (18), and suggested in
other coreoid and lygaeoid species (16). The vertical transmission
of symbionts in a subset of chinch bugs was supported by the fact
that almost 30% of hatchlings possessed Burkholderia symbionts
prior to environmental exposure (Table 4). These results demon-
strate that this insect can employ both vertical and environmental
mechanisms for transmitting Burkholderia symbionts.

Most phytophagous species of the superfamilies Pentato-
moidea and Pyrrhocoroidea are associated with gammaproteo-
bacterial and actinobacterial gut symbionts, respectively, and ver-
tically transmit these symbionts from mother to offspring (3, 8,
14, 15,44-51). Various mechanisms for vertical transmission have
been reported for stinkbug groups. In the families Pentatomidae,
Scuttelleridae, Acanthosomatidae, and Pyrrhocoridae, the mother
insect superficially contaminates eggs (called “egg smearing”),
and hatchlings acquire the symbionts by probing egg surfaces (14,
44, 46-50). In the families Cydnidae and Parastrachiidae, hatch-
lings acquire the symbionts by feeding on the excrement of their
mother (51, 52). In the family Plataspidae, the mother insects
provide a symbiont-containing capsule under the eggs, and hatch-
lings are infected with symbionts by sucking the capsule (8). In C.
saccharivorus, infection through capsular transmission and
coprophagy can be rejected because capsule-like materials have
not been observed (data not shown) and hatchlings acquired the
Burkholderia symbionts even when they were reared without their
parents (Table 4). Egg surface sterilization resulted in no infection
with Burkholderia symbionts (Table 4), suggesting that the Burk-
holderia symbionts are most likely transmitted by egg smearing.

In order to ensure the acquisition of essential microbes by
offspring, insects have evolved elaborate mechanisms for vertical
symbiont transmission: ovarial infection, egg smearing, coprophagy,
and capsule transmission (reviewed in reference 3). The transmis-
sion mechanisms that have been studied are highly developed, and
intermediate stages have not been found, making the evolutionary
process of the transmission mechanisms broadly found in insects
unclear. A number of insect symbionts, whether intracellular or
extracellular, belong to the Enterobacteriaceae family of the Gam-
maproteobacteria (reviewed in reference 3), implying that symbi-
otic relationships may have evolved from gut bacteria that insects
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occasionally acquired from surrounding environments (or bacte-
ria that contaminated insects) and that provided benefits to the
host (53, 54). In this context, the symbiotic association found in C.
saccharivorus may represent an intermediate stage from the evo-
lutionarily primitive gut symbiosis from environmental transmis-
sion to the sophisticated association maintained by vertical trans-
mission. It would be of great interest to investigate the structural
and molecular basis of vertical transmission in the oriental chinch
bug to understand the evolutionary process of vertical symbiont
transmission in diverse insects.

Diagnostic PCR revealed only three different groups of Burk-
holderia, and multiple infections were rarely detected in field pop-
ulations of the insect (Table 3). Illumina deep sequencing of the
16S rRNA gene confirmed that the crypts of each insect were dom-
inated by a single Burkholderia strain, with relative proportions
being >88% (Fig. 4), although the analysis was based on partial
255-bp sequences. Considering that most chinch bug hatchlings
acquire symbionts from their surrounding environment and that
millions of bacterial species inhabit soils (55, 56), the extraordi-
nary simplicity of their gut symbiont community is noteworthy.
Such a simple gut microbiota has been reported in the medicinal
leech, Hirudo verbana, in which only two bacterial species pre-
dominate (57). The simplistic symbiotic association likely oc-
curred through selective colonization, indicated by the high level
of microbial diversity found in the anterior midgut compared to
that found in midgut crypts (Fig. 3 and 4). Generally, the commu-
nity composition of gut microbiota is thought to be determined by
symbiont-symbiont and/or symbiont-host interactions (58).
Since space and nutrients in midgut crypts are limited, severe
competition between symbiont strains is inevitable, unless some
mutualistic cooperation between strains occurs (59). From the
host side, a simple microbial community would be favorable be-
cause symbiont-symbiont competition could cause excessive ex-
ploitation of host resources, the so-called tragedy of the commons
(60). This could lead to the evolution of cheaters and the eventual
collapse of the symbiotic association. To prevent exploitation by
symbionts, host species have evolved sophisticated mechanisms
for policing the microbial community in endosymbiotic systems
without vertical transmission. For instance, leguminous plants
punish non-nitrogen-fixing nodules by suppressing supplemen-
tation of oxygen (61). In the squid- Vibrio luminescent symbiosis,
the light organ produces a poisonous concentration of peroxidase,
which might specifically harm nonluminescent symbionts be-
cause the luciferase that they produce has a high affinity for oxy-
gen (62). These symbiont- and host-controlled mechanisms may
synergistically contribute to establishment of the remarkably sim-
ple crypt microbiota community in the oriental chinch bug.
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