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ABSTRACT

The phloem-feeding Southern chinch bug, Blissus insularis, harbors a high density of the exocellular bacterial symbiont Burk-
holderia in the lumen of specialized midgut crypts. Here we developed an organ culture method that initially involved incubat-
ing the B. insularis crypts in osmotically balanced insect cell culture medium. This approach enabled the crypt-inhabiting Burk-
holderia spp. to make a transition to an in vitro environment and to be subsequently cultured in standard bacteriological media.
Examinations using ribotyping and BOX-PCR fingerprinting techniques demonstrated that most in vitro-produced bacterial
cultures were identical to their crypt-inhabiting Burkholderia counterparts. Genomic and physiological analyses of gut-symbi-
otic Burkholderia spp. that were isolated individually from two separate B. insularis laboratory colonies revealed that the major-
ity of individual insects harbored a single Burkholderia ribotype in their midgut crypts, resulting in a diverse Burkholderia com-
munity within each colony. The diversity was also exhibited by the phenotypic and genotypic characteristics of these
Burkholderia cultures. Access to cultures of crypt-inhabiting bacteria provides an opportunity to investigate the interaction be-
tween symbiotic Burkholderia spp. and the B. insularis host. Furthermore, the culturing method provides an alternative strategy
for establishing in vitro cultures of other fastidious insect-associated bacterial symbionts.

IMPORTANCE

An organ culture method was developed to establish in vitro cultures of a fastidious Burkholderia symbiont associated with the
midgut crypts of the Southern chinch bug, Blissus insularis. The identities of the resulting cultures were confirmed using the
genomic and physiological features of Burkholderia cultures isolated from B. insularis crypts, showing that host insects main-
tained the diversity of Burkholderia spp. over multiple generations. The availability of characterized gut-symbiotic Burkholderia
cultures provides a resource for genetic manipulation of these bacteria and for examination of the mechanisms underlying in-
sect-bacterium symbiosis.

Many plant-sap-feeding insects harbor exocellular bacterial
symbionts in their digestive tracts (1, 2). These symbionts

usually colonize specialized regions of the midgut, are transmitted
to offspring by egg smearing, symbiont-containing capsules, or
coprophagy, and play a role in host insect fitness (3–7). Exocellu-
lar symbionts can provide nutrients to supplement the unbal-
anced diets of their host insects (1, 8–10)m thus conferring fitness
advantages (e.g., body size, coloration, development, and growth)
(11–13). In addition, these symbionts have been reported to elicit
symbiont-mediated plant specialization (14), to modulate plant
virus transmission (15, 16), and/or to induce protection against
pathogenic gut bacteria (17), protozoan parasites (18), and syn-
thetic insecticides (19).

Recently, Burkholderia spp. have been detected in the lumens
of specialized crypts, at the fourth region of the midgut (M4)
(Fig. 1), in the Southern chinch bug, Blissus insularis Barber
(Hemiptera: Lygaeoidea: Blissidae) (12). This insect, a primary
pest of St. Augustinegrass, Stenotaphrum secundatum (Walter)
Kuntze (20, 21), feeds on the grass phloem, resulting in dimin-
ished grass growth, yellowing and brown blade color, and the
eventual death of grass patches (22, 23). Investigations of multiple
B. insularis field populations demonstrated that complex Burk-
holderia ribotypes were present within and among the populations
(12). The copy number of the Burkholderia 16S rRNA gene in-
creased with the age of B. insularis insects, and antibiotic treat-
ment reduced Burkholderia numbers and slowed B. insularis
development, pointing to a mutualistic Blissus-Burkholderia asso-

ciation (12). Another chinch bug species, Cavelerius saccharivorus
Okajima (Heteroptera: Lygaeoidea: Blissidae), also harbors Burk-
holderia spp. in the lumens of midgut crypts (24). Preliminary
evidence suggests that Burkholderia spp. in both chinch bug spe-
cies may be vertically transmitted from bacteria deposited on the
egg surface. Specifically, Burkholderia 16S rRNA gene amplicons
were detected in DNA preparations from both B. insularis (12)
and C. saccharivorus (24) eggs, and sterilization of egg surfaces
eliminated the Burkholderia 16S rRNA gene amplicons of the
DNA extracted from C. saccharivorus hatchlings (24). Even
though the biological function of gut symbionts in chinch bugs is
not well understood, the consistent occurrence of Burkholderia
spp. in these insects implies that these gut microorganisms play an
important role in host insect fitness.
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Previous attempts to culture the exocellular gut-symbiotic
Burkholderia spp. from B. insularis have failed (12). The inability
to culture these bacteria has hindered studies to address the func-
tional role(s) of gut symbionts in B. insularis. In the current study,
a novel culturing method was developed to produce Burkholderia
cultures from the midgut of B. insularis. This strategy involved an
initial organ culture step that probably allowed these symbionts to
transit from a crypt-associated to a free-living lifestyle. The result-
ing bacterial cultures were transferred to bacteriological media
and were characterized, providing phenotypic and molecular data
on various Burkholderia ribotypes derived from B. insularis.

MATERIALS AND METHODS
Rearing and genetic background of insects. Two field populations of B.
insularis from two St. Augustinegrass lawns that were 480 km apart (in
Alachua County and Santa Rosa County) in Florida were sampled. Insects
from each site, reared as separate laboratory colonies (BiR [insecticide
resistant] and BiS [insecticide susceptible], respectively), were provi-
sioned with cut St. Augustinegrass and fresh, surface-sterilized yellow
corn cobs (25). The genetic backgrounds of insects from the BiR and BiS
colonies were examined by comparing the partial sequences of the mito-
chondrial cytochrome c oxidase subunit I (COI) gene (26). Specifically,
four B. insularis females from each colony were surface sterilized by se-
quential immersion for 3 min in 70% ethanol (EtOH), 5% bleach, and
70% EtOH. Intact midgut crypts were dissected individually from the
digestive tracts, rinsed in sterile H2O, and subjected to DNA extraction
using the MasterPure yeast DNA purification kit (Epicentre, Madison,
WI). The COI gene was amplified by PCR using the crypt genomic DNA of
eight B. insularis individuals (see Table S1 in the supplemental material for
primer sequences). Positive PCR amplicons were purified using a PCR
purification kit (Agencourt AMPure XP; Beckman Coulter, Beverly, MA)

and were sequentially subjected to unidirectional Sanger sequencing
(ICBR Sequencing Core, University of Florida). The sequences of the COI
gene were trimmed manually to 519 bp and were aligned with each other
using MUSCLE, version 3.7 (27), in order to examine the sequence simi-
larity between these two colonies.

Culturing of crypt-associated bacteria. Conventional culturing of
crypt-associated bacteria was tested initially by plating homogenates of
dissected midgut crypts. Intact crypts were dissected individually from
surface-sterilized B. insularis adults and were rinsed in sterile H2O, 1�
phosphate-buffered saline (PBS, comprising 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4 [pH 7.4]), or Grace’s insect cell
culture medium (ICM) amended with L-glutamine (Orbigen, San Diego,
CA). The rinsed crypts were homogenized in 50 �l of sterile H2O, PBS, or
ICM, respectively, and were then streak-plated onto nutrient agar (0.3%
beef extract, 0.5% peptone, 1.5% agar; Becton, Dickinson and Company,
NJ) plates and were incubated at 28°C for 14 days. Plates were examined
daily for bacterial growth.

The second culturing approach involved initial culturing of the dis-
sected crypts in ICM. Intact crypts were dissected individually from sur-
face-sterilized adult and fifth-instar B. insularis individuals that had been
maintained for 2 to 3 generations, 4 to 5 generations, or 8 to 9 generations
in BiR or BiS colonies. Half of the crypts dissected from each insect were
rinsed in sterile H2O and were subjected to DNA extraction using the
MasterPure yeast DNA purification kit. The remaining dissected crypt
halves were rinsed three times in ICM, placed in 24-well cell culture plates
(Corning Incorporated, Corning, NY) containing 500 �l of ICM, and
incubated at 28°C. Organ cultures were examined daily under a dissecting
microscope to monitor crypt morphology and under an inverted com-
pound microscope fitted with Hoffman modulation contrast optics
(Modulation Optics, Inc., Greenvale, NY) to assess bacterial growth over
a 14-day period. Subsequently, preparations were inoculated onto nutri-
ent agar plates and were incubated at 28°C. Duplicate bacterial colonies

FIG 1 Micrographs of dissected digestive and reproductive tracts of a female Blissus insularis bug. Abbreviations: M1, M2, and M3, first, second, and third
sections of the midgut, respectively; M4, fourth section of the midgut with crypts; M4B, M4 bulb; H, hindgut; MT, Malpighian tubules. The labeling corresponds
to that used for Cavelerius saccharivorus (24).
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were selected from each plate, homogenized individually in 25 �l of sterile
H2O, boiled for 3 min, and subjected to diagnostic PCR amplification
using Burkholderia-specific 16S rRNA gene primers (see Table S1 in the
supplemental material), as described below. Colonies producing positive
PCR amplicons by use of Burkholderia-specific 16S rRNA gene primers
were considered to be Burkholderia colonies; they were then inoculated
into nutrient broth medium (0.3% beef extract, 0.5% peptone) and were
shaken at 200 rpm and 28°C overnight. The MasterPure yeast DNA puri-
fication kit was used to extract bacterial DNA from the cultures for sub-
sequent sequencing and analyses. The Burkholderia culture stocks were
prepared in 60% sterile glycerol and were stored at �80°C.

Sequencing and analyses of symbiotic bacteria. The 16S rRNA gene
sequences of bacteria inhabiting 30 dissected crypts and those of bacteria
derived from 20 cultured crypts were generated by PCR amplification
with universal primers (10F and 1507R) (see Table S1 in the supplemental
material) (28). Subsequently, the corresponding 1.5-kb PCR products
were purified using a PCR purification kit (Agencourt AMPure XP) and
were subjected to bidirectional Sanger sequencing. In addition to the 16S
rRNA gene, three Burkholderia cepacia complex multilocus sequence typ-
ing (MLST) genes (atpD, encoding the ATP synthase beta chain; lepA,
encoding a GTP binding protein; and recA, encoding recombinase A) (29)
were amplified by PCR and sequenced in order to further genotype the
Burkholderia spp. associated with B. insularis (see Table S1). DNA prepa-
rations derived from both dissected crypt preparations and cultured bac-
terial isolates originating from BiR and BiS insects were tested.

Trace chromatograms were examined in order to determine the com-
plexity of bacteria associated with various DNA preparations. Universal
16S rRNA gene sequences generated from 26 dissected crypt preparations
and 20 cultured bacterial isolates that produced clean chromatograms
were trimmed to �1.4 kb and were uploaded to the Ribosomal Database
Project (RDP; release 11) website to be aligned and to be compared with
the database sequences, using the Sequence Match online analysis tool
(30). The published database sequences with high similarity (�0.98) and
seqmatch (�0.94) scores, and the Burkholderia 16S rRNA gene sequences
obtained from B. insularis field populations (12), were included as refer-
ence sequences in subsequent phylogenetic analyses. Pandoraea norimber-
gensis (GenBank accession no. AF139171) served as the outgroup. Phylo-
genetic analyses of aligned nucleotides were conducted using the
maximum likelihood method, as described by Dereeper et al. (31). A
bootstrap test with 100 replicates was performed to generate the likeli-
hood bootstrap values. The final version of the phylogenetic tree was
edited using TreeGraph 2 software (32). Additionally, the 16S rRNA gene
sequences of the same dissected B. insularis crypts were aligned pairwise
with those of their cultured bacterial counterparts by use of MUSCLE in
order to determine whether or not their ribotypes were identical.

For the MLST genes, the sequences were trimmed manually to the
same length (443 bp for atpD, 397 bp for lepA, 393 bp for recA) as those of
other B. cepacia complex MLST sequences available in the database (33).
The concatenated MLST gene sequences (1,233 bp) generated from four
dissected crypts and eight cultured bacterial isolates were subjected to
phylogenetic analyses as conducted for the 16S rRNA gene. The phyloge-
netic trees of MLST gene sequences and the corresponding 16S rRNA gene
sequences were edited by TreeGraph 2 and were constructed side by side
for comparison. Burkholderia cepacia (strain ATCC 49709) served as the
outgroup.

BOX-PCR fingerprinting. In addition to 16S rRNA ribotyping and
MLST analysis, BOX-PCR fingerprinting was conducted to examine the
similarity of the bacteria inhabiting the dissected crypts with their cul-
tured counterparts. The DNA preparations from 18 dissected-crypt DNA
preparations and from their respective cultured bacterial isolates were
subjected to PCR amplification using a BOX-A1R primer (5=-CTACGGC
AAGGCGACGCTGACG-3=) (34). PCR products were electrophoresed in
a 1.5% SynerGel–agarose gel (Diversified Biotech, Boston, MA) that was
dissolved in 0.5� Tris-borate-EDTA buffer for 10 h at 40 V and were
stained with ethidium bromide. Gel images were digitized using a Chemi-

Doc XRS system and were analyzed using Quantity One software (Bio-
Rad, Hercules, CA). Lane-based background subtraction was applied to
remove background from lanes, and a similarity matrix of lane-based
samples was generated to determine the similarities (expressed as percent-
ages) between dissected-crypt preparations and their respective cultured
counterparts.

PFGE. Twenty cultured Burkholderia isolates derived from crypts of
10 BiR and 10 BiS B. insularis individuals were subjected to pulsed-field gel
electrophoresis (PFGE) for genomic typing using the CHEF-DR II
pulsed-field electrophoresis system (Bio-Rad). Mid-log-phase cultures of
Burkholderia isolates were mixed with 180 �g ml�1 of chloramphenicol
(Bioline, Taunton, MA) and were incubated for an additional hour to
terminate chromosomal replication. An estimated 5 � 108 Burkholderia
cells were harvested and were suspended in 10 mM Tris–20 mM NaCl–50
mM EDTA (pH 7.2). The cell suspension was mixed (1:1) with 1.6%
pulsed-field-certified agarose (Bio-Rad) at 50°C, and the mixture was
loaded into plug molds. Solidified sample plugs were incubated in ly-
sozyme buffer (10 mM Tris, 50 mM NaCl, 0.2% sodium deoxycholate,
0.5% sodium lauryl sarcosine, 1 mg ml�1 lysozyme [pH 7.2]) at 37°C for
1 h, incubated in proteinase K reaction buffer (100 mM EDTA, 0.2%
sodium deoxycholate, 1% sodium lauryl sarcosine, 1 mg ml�1 proteinase
K [pH 8.0]) at 50°C overnight, and then rinsed four times with 1� wash
buffer (20 mM Tris, 50 mM EDTA [pH 8.0]). Sample plugs initially were
run with the Hansenula wingei standard (1.05 to 3.13 Mb; strain YB-4662-
VIA; Bio-Rad) in a 0.8% pulsed-field-certified agarose gel in 1� Tris-
acetate-EDTA buffer recirculated at 14°C. The samples that had DNA
fragments larger than those of H. wingei (�3.13 Mb) were run subse-
quently with the Schizosaccharomyces pombe standard (3.5 to 5.7 Mb;
strain 972 h-; Bio-Rad). The run time for H. wingei was 50 h at 3 V cm�1

with a 250- to 900-s switch time ramp, whereas the run time for S. pombe
was 70 h at 2 V cm�1 with a 1,200- to 1,800-s switch time ramp. Gels were
stained with 1� SYBR gold nucleic acid gel stain (Molecular Probes, Eu-
gene, OR), inspected visually under UV light, and imaged. DNA fragment
sizes were estimated based on standard molecular weight using Quantity
One software (Bio-Rad). Sample plug preparation and gel electrophoresis
were repeated at least twice for each Burkholderia isolate. The numbers of
replicons and estimated genomic sizes of Burkholderia isolates clustered
from clades were analyzed separately using the two-sample t test (PROC
TTEST, SAS 9.3).

In vitro growth of Burkholderia isolates. The growth rates of 20 cul-
tured Burkholderia isolates derived from 10 BiR and 10 BiS B. insularis
individuals were measured using a modified 96-well microtiter plate assay
(35). Initially, Burkholderia cells were harvested at the mid-log phase,
diluted serially in nutrient broth medium, and plated on nutrient agar
plates for determination of the CFU counts per milliliter in the starting
culture inoculum. A 200-�l volume of each starting culture inoculum
(105 CFU ml�1) was loaded in triplicate into the wells of a sterile 96-well
microtiter plate and was placed in an incubator shaker at 150 rpm and
28°C for 36 h. Absorbance at 600 nm was measured hourly using the
microtiter plate reader (BioTek Instruments, Inc.). The growth rate, ex-
pressed as the doubling time (hours per generation), was calculated dur-
ing the exponential phase. The growth kinetics of each isolate were exam-
ined at least twice using freshly prepared inocula. The growth rates of BiR
Burkholderia isolates were compared with those of BiS isolates using the
two-sample t test (PROC TTEST, SAS 9.3). Comparisons among isolates
from three clades were performed by analysis of variance (ANOVA)
(PROC ANOVA, SAS 9.3).

Biofilm formation. Culturing of the dissected crypts in liquid ICM
resulted in the production of a bacterial biofilm on the ICM surface. To
confirm that the biofilm was produced by the crypt-associated bacteria
rather than by contaminants, the cultured bacterial isolates that produced
positive Burkholderia-specific 16S rRNA gene amplicons by diagnostic
PCR (see “Sequencing and analyses of symbiotic bacteria” above) were
inoculated into fresh liquid ICM and were incubated at 28°C for 48 h. The
resulting metallic biofilms were washed at least three times with sterile
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H2O using an injection syringe, transferred to microscope cover glasses,
examined by differential interference microscopy at �1,600 magnifica-
tion using a Leica DMRB microscope (Leica Microsystems Inc., Buffalo
Grove, IL), and then imaged with a SPOT Insight QE camera system
(SPOT Imaging Solutions, Sterling Heights, MI).

Antibiotic sensitivities of Burkholderia isolates. Twenty cultured
Burkholderia isolates were subjected to disc diffusion sensitivity assays
with six antibiotics, including kanamycin (Bioline), oxytetracycline hy-
drochloride (Sigma-Aldrich, St. Louis, MO), trimethoprim (Teknova,
Hollister, CA), ampicillin (Sigma-Aldrich), penicillin G (Sigma-Aldrich),
and chloramphenicol (Bioline). At the mid-log phase, 1 ml of Burkhold-
eria culture grown in nutrient broth (approximately 5 � 108 cells ml�1)
was overlaid onto a nutrient agar plate (95 by 15 mm; Fisher Scientific)
and was incubated at room temperature for 15 min. Excess inoculum was
removed, and plates were allowed to dry in a laminar flow hood. Sterile
blank paper discs (diameter, 6 mm; BBL; Becton, Dickinson, and Com-
pany, Sparks, MD) were each inoculated with 25 �l of an antibiotic solu-
tion, air dried, and placed on the nutrient agar plate covered by Burkhold-
eria cells. The solvent for chloramphenicol and trimethoprim was EtOH.
Based on preliminary assays (unpublished results), a concentration of 1
mM antibiotic solution was selected to be assayed in triplicate against
Burkholderia isolates. After 24 to 48 h of incubation at 28°C, the inhibition
zone of each antibiotic was measured (diameter in millimeters) in order to
determine the relative sensitivities of cultured Burkholderia isolates to
antibiotics. Comparisons between Burkholderia isolates from the BiR and
BiS populations were analyzed by the two-sample t test (PROC TTEST,
SAS 9.3).

Nucleotide sequence accession numbers. All DNA sequences ob-
tained from this study were deposited in the GenBank nucleotide se-
quence database with the following accession numbers: KP683095 to
KP683096, KP683112 to KP683113, KU242589 to KU242608, and
KU244285 to KU244310 (16S rRNA gene sequences), KU242609 to
KU242610 (COI gene sequences), KU242611 to KU242622 (atpD gene
sequences), KU247540 to KU247551 (recA gene sequences), and
KU247552 to KU247563 (lepA gene sequences).

RESULTS
Sequencing of the COI gene for B. insularis. Eight crypt genomic
DNA preparations from four BiR and four BiS B. insularis indi-
viduals produced chromatograms of COI gene amplicons free of
mixed reads within the target sequence. The 519-bp sequences
derived from seven B. insularis individuals were 100% identical to
each other (GenBank accession no. KU242609), whereas the se-
quence of one individual from the BiS colony had 99% similarity
to the others, with five single-nucleotide polymorphisms (SNPs)
(GenBank accession no. KU242610).

Culturing of crypt-associated bacteria. Attempts to directly
culture bacteria from 15 B. insularis midgut crypts, homogenized
in sterile H2O, PBS, or ICM, on bacteriological media failed to
produce detectable colonies on the nutrient agar plate after 14
days. Among 30 dissected crypts from 13 BiR and 17 BiS B. insu-
laris individuals that were inoculated in ICM, 22 crypt prepara-
tions (73%) became increasingly swollen (Fig. 2), with short, rod-
shaped bacteria detected in ICM within 7 days, and produced
lawns of identical colony phenotypes on the nutrient agar plate
after being streak-plated and incubated for 48 h. Bacterial colonies
from these 22 preparations were identified as Burkholderia by di-
agnostic PCR amplification using Burkholderia-specific 16S rRNA
gene primers. The other eight crypt preparations (Bi15_R,
Bi26_R, Bi13_S, Bi17_S, Bi18_S, Bi23_S, Bi24_S, and Bi25_S) ei-
ther did not produce any detectable bacteria in ICM after 14 days
or were unculturable upon transfer to nutrient agar plates. Based
on the ribotypes produced by the genomic DNA derived from

their dissected-crypt counterparts, six of these eight preparations
were grouped into different clades (the stinkbug-associated ben-
eficial and environmental [SBE] and Burkholderia cepacia com-
plex [BCC] clades) identified in the phylogenetic tree (Fig. 3). The
remaining two dissected-crypt preparations (Bi15_R_vivo and
Bi18_S_vivo) produced mixed 16S rRNA sequences and therefore
were excluded from the phylogenetic analysis.

Among the 22 pure cultures generated from inoculated crypt
preparations shown to be Burkholderia spp. by diagnostic PCR, 12
preparations (7 from BiR and 5 from BiS B. insularis individuals)
produced ridged metallic biofilms on the surface of ICM (Fig. 4A
and B). Microscopy revealed numerous short, rod-shaped bacte-
ria, measuring approximately 0.5 by 2.0 �m, accumulating on the
undersides of these biofilms (Fig. 4C). Six cultures (three from BiR
and three from BiS B. insularis individuals) produced crystal de-
posits without detectable biofilms (Fig. 4D and E), whereas four
cultures (one BiR and three BiS cultures) produced neither bio-
film nor crystals (Table 1). Moreover, the cultures that produced
crystals in ICM formed halos around the bacterial colonies on the
nutrient agar plate (Fig. 4F). The cultured Burkholderia counter-
parts were reinoculated into fresh ICM and produced the same
phenotypic characteristics as the original inoculated crypt
preparations. These findings indicated that at least two distinct
phenotypes (biofilm formation and crystal production) of
crypt-associated Burkholderia spp. were present after the iso-
lates were cultured in ICM, regardless of their source (BiR or
BiS B. insularis) (Table 1).

Sequencing of the16S rRNA and MLST genes. Twenty-six
of the 30 dissected-crypt-associated 16S rRNA amplicons
(�1.4 kb) examined produced chromatograms free of mixed
reads within the target sequence. All 26 reads were identified as
belonging to the genus Burkholderia. The remaining four reads
(Bi15_R_vivo, Bi16_R_vivo, Bi18_S_vivo, and Bi22_S_vivo)
were mixed and therefore were excluded from the phylogenetic
analysis. Among the 22 pure cultures of inoculated crypt prepara-
tions, 2 (Bi14_R_vitro and Bi15_S_vitro) were contaminated dur-
ing isolation and were discarded before 16S rRNA gene sequenc-
ing. The remaining 20 16S rRNA amplicons (�1.4 kb) generated
from the cultured bacteria produced clean chromatograms; all
sequences were identified as Burkholderia isolates. Pairwise align-

FIG 2 Morphological features of the Blissus insularis midgut crypts inoculated
into insect culture medium on days 0, 1, 2, and 4 postdissection. Bars, 0.6 mm.
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FIG 3 Phylogenetic relationships of crypt-associated bacteria (labeled “vivo”) and their cultured counterparts (labeled “vitro”) obtained from Blissus insularis
midgut crypts (designated Bi12MC to Bi28MC) on the basis of universal 16S rRNA gene sequences (�1.4 kb). R and S indicate sequences obtained from the BiR
and BiS B. insularis colonies, respectively. The sequences detected in the present study are shown in boldface. Numbers at the tree nodes represent the maximum
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ments of 16S rRNA gene sequences from 9 BiR and 9 BiS B. insu-
laris individuals revealed that 15 ribotypes (8 BiR and 7 BiS indi-
viduals) derived from crypt DNA preparations were identical to
the ribotypes derived from their cultured counterparts (see Table
S2 in the supplemental material). The 16S rRNA amplicons from
the other three crypt DNA preparations had 1 to 4% nucleotide
differences from the amplicons generated from their respective
cultured preparations (see Table S2). The SNPs identified in these
pairwise alignments were localized in the hypervariable V1-to-V8
regions (see Fig. S1 in the supplemental material).

Phylogenetic analyses placed the 16S rRNA gene sequences of
crypt genomic DNA preparations and those of their cultured bac-
terial counterparts within three major clades: the SBE clade (24),
the plant-associated beneficial and environmental (PBE) clade
(36), and the BCC clade (37) (Fig. 3). Forty-six sequences ob-
tained from the BiR and BiS colonies failed to form distinct clades
and were distributed throughout the phylogenetic tree. Fifteen of
these 46 sequences (33%) were clustered in clade SBE (bootstrap
value, 90%) with the environmental and insect gut-symbiotic
Burkholderia isolates, some of which were capable of degrading
pesticides. Nine sequences (20%) were grouped in clade PBE and
were related to various Burkholderia plant-associated species—

Burkholderia caribensis, Burkholderia tuberum, Burkholderia sa-
biae, and Burkholderia sacchari—as well to the gut-symbiotic
Burkholderia sp. detected in another chinch bug species, C. saccha-
rivorus (bootstrap value, 89%). The other 22 sequences (47.8%)
were grouped in clade BCC with the pathogenic species Burkhold-
eria gladioli and Burkholderia glumae, species in the B. cepacia
complex, and the C. saccharivorus-associated symbiotic Burkhold-
eria sp. (bootstrap value, 100%) (Fig. 3).

MLST gene (atpD, recA, lepA) amplicons from four dissected-
crypt preparations (two from BiR and two from BiS) and eight
Burkholderia isolates (four from BiR and four from BiS) produced
chromatograms free of mixed reads and were identified as belong-
ing to the genus Burkholderia. Generally, the phylogenetic rela-
tionships of the concatenated 1,233-bp MLST gene sequences
agreed with the associations observed using the 16S rRNA gene
sequences (see Fig. S2 in the supplemental material). The MLST
gene sequences obtained from BiR and BiS isolates did not form
distinct clades but were distributed throughout the phylogenetic
tree.

BOX-PCR fingerprinting. BOX-PCR gels exhibited similar
patterns with DNA from the cultures and their crypt counterparts
(see Fig. S3 in the supplemental material). The similarity analyses

likelihood bootstrap values obtained after 100 repetitions; only values of �50% are shown. GenBank nucleotide sequence accession numbers are given in
brackets. Open and shaded circles indicate the Burkholderia spp. detected in the B. insularis field populations (12) and in Cavelerius saccharivorus (24),
respectively; squares indicate the Burkholderia spp. detected in other heteropteran hosts; stars indicate the pesticide-degrading strains. Clades SBE, PBE, and BCC
correspond to those described in references 24, 36, and 37, respectively.

FIG 4 Microscopy of two typical phenotypic characteristics of culturable Burkholderia isolates recovered from Blissus insularis midgut crypts. (A to C) Biofilm
formation. (A) The metallic biofilm established on the surface of ICM with the inoculated midgut crypts. Arrows indicate the metallic biofilm. (B) A close look
at the metallic biofilm formation. (C) The short rod-shaped bacteria underneath the metallic biofilm were examined with a light microscope at a magnification
of �1,600. (D to F) Precipitation of salt crystals. (D) Salt crystal precipitation produced by the inoculated crypts in ICM. (E) A close look at the precipitated salt
crystals. (F) The Burkholderia isolates that precipitated salt crystals in ICM formed halos (indicated by arrows) around the bacterial colonies after being plated on
the nutrient agar plate.
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of BOX-PCR patterns revealed that among the 18 examined B.
insularis individuals, the majority (83.3%) had 71 to 98% similar-
ity between dissected crypts and their cultured Burkholderia coun-
terparts, whereas the other individuals (16.7%) had 12 to 28%
similarity (see Table S2 in the supplemental material). The BOX-
PCR data agreed with the 16S rRNA gene sequence analysis. Spe-
cifically, the 15 individuals, exhibiting �70% similar BOX-PCR
patterns between in vivo bacteria and in vitro cultures had 16S
rRNA gene sequences (�1.4 kb) of dissected crypts that were
identical to those of their cultured counterparts. Similarly, the
three dissected-crypt preparations that did not produce BOX-
PCR patterns similar to those of their respective cultured isolates
had 1 to 4% nucleotide differences in their 16S rRNA gene se-
quences (see Table S2).

PFGE. Sixteen cultured Burkholderia isolates (eight BiR and
eight BiS isolates) that were typed by PFGE yielded various pat-
terns containing two to six bands, demonstrating the presence of
multiple replicons in the B. insularis-associated Burkholderia iso-
lates (see Fig. S4 in the supplemental material). Their cumulative
genome sizes ranged from 6.6 to 8.7 Mb (Table 2). Four additional
isolates (two BiR and two BiS isolates) produced smear patterns
on PFGE gels. The addition of 50 �M thiourea to the gel electro-
phoresis buffer did not prevent the degradation pattern obtained
with these four isolates (see Fig. S5 in the supplemental material).
Three of the isolates producing smears were grouped in clade PBE

with plant-associated beneficial and environmental Burkholderia
spp. by ribotyping, whereas the other was in clade BCC (Table 2).
In general, the six isolates with ribotypes that clustered in clade
SBE had significantly more replicons (mean � standard error
[SE], 5.2 � 0.3; t � 5.07; df � 13; P � 0.0002), but smaller ge-
nomes (7.1 � 0.2 Mb; t � �2.20; df � 13; P � 0.0469), than the
nine isolates with ribotypes that clustered in clade BCC (2.8 � 0.3
replicons; genome size, 7.8 � 0.2 Mb). There was no correlation
between the PFGE profile and the source of the culture (BiR or BiS
insects).

In vitro growth of Burkholderia isolates. The calculated dou-
bling time of 20 Burkholderia isolates ranged from 3.4 to 11.1 h per
generation (Table 1). Although isolates assigned to clade PBE re-
quired approximately 1.3-fold-longer doubling times than iso-
lates in clades SBE and BCC, no statistically significant difference
was detected among isolates from the three clades (F � 1.73; df �
2; P � 0.2076). The growth rates of 10 BiR Burkholderia isolates
(doubling time, 6.0 � 0.8 h) were not significantly different (t �
0.14; df � 18; P � 0.8906) from those of 10 BiS Burkholderia
isolates (6.1 � 0.4 h), suggesting that there was no correlation
between the doubling time and the source of the culture (BiR or
BiS insects).

Antibiotic sensitivities of Burkholderia isolates. Twenty cul-
tured Burkholderia isolates were susceptible to kanamycin, oxytet-
racycline, and trimethoprim, with variable responses. These three

TABLE 1 Phenotypes, growth rates, and antibiotic sensitivities of cultured Burkholderia isolates recovered from Blissus insularis crypts

Cladea Isolate designation
Gender of
host Phenotypeb

Halo
formationc

Mean (SE)
doubling timed

Mean (SE) diam of inhibition zone (mm)e with:

Kan Oxy Tri Amp Pen Chl

SBE Bi16MC_R_vitro Female MB � 4.7 (0) 24 (1) 18 (2) 25 (3) 0 0 18 (1)
Bi18MC_R_vitro Female MB � 8.1 (0.1) 23 (1) 18 (2) 25 (3) 0 0 14 (1)
Bi22MC_R_vitro Male MB � 3.4 (0.6) 21 (1) 22 (1) 26 (2) 0 0 20 (1)
Bi23MC_R_vitro Female MB � 8.7 (1.4) 31 (3) 26 (1) 24 (4) 0 0 22 (2)
Bi12MC_S_vitro Female MB � 4.5 (0.3) 24 (1) 18 (2) 21 (2) 0 0 17 (1)
Bi14MC_S_vitro Female MB � 5.6 (0.9) 23 (1) 18 (2) 18 (3) 0 0 16 (1)

PBE Bi20MC_R_vitro Female MB � 11.1 (0.8) 21 (2) 22 (0) 32 (2) 26 (1) 26 (1) 17 (0)
Bi21MC_R_vitro Male MB � 5.4 (0.2) 20 (2) 22 (0) 23 (5) 27 (1) 28 (2) 15 (2)
Bi16MC_S_vitro Femalef MB � 8.7 (0.6) 22 (1) 25 (1) 28 (0) 19 (2) 18 (2) 16 (1)
Bi19MC_S_vitro Femalef MB � 5.2 (0.5) 27 (2) 22 (0) 34 (2) 26 (2) 24 (1) 15 (0)

BCC Bi14MC_R_vitro Female SC 	 N/A N/A N/A N/A N/A N/A N/A
Bi17MC_R_vitro Female MB � 5.4 (0.3) 17 (1) 12 (1) 24 (1) 0 0 14 (2)
Bi19MC_R_vitro Female N/A 	 4.6 (0.4) 14 (1) 23 (1) 21 (4) 34 (1) 34 (2) 9 (1)
Bi24MC_R_vitro Female SC 	 4.6 (0.2) 22 (2) 14 (1) 22 (1) 0 0 0
Bi25MC_R_vitro Male SC 	 4.3 (0.5) 21 (1) 13 (1) 21 (2) 0 0 0
Bi15MC_S_vitro Female SC 	 N/A N/A N/A N/A N/A N/A N/A
Bi20MC_S_vitro Female MB � 7.5 (0.6) 21 (0) 15 (1) 23 (1) 0 0 14 (2)
Bi21MC_S_vitro Female SC 	 4.8 (0.1) 24 (1) 11 (1) 31 (3) 0 0 0
Bi22MC_S_vitro Female SC 	 6.3 (0.1) 16 (0) 11 (1) 30 (4) 0 0 0
Bi26MC_S_vitro Male N/A 	 6.4 (0.6) 19 (0) 16 (1) 34 (1) 0 0 13 (1)
Bi27MC_S_vitro Male N/A � 5.8 (0.4) 15 (1) 12 (2) 10 (1) 0 0 11 (1)
Bi28MC_S_vitro Female N/A � 6.7 (0.5) 22 (3) 13 (3) 27 (2) 0 0 14 (1)

a Defined by the universal 16S rRNA gene sequences (see Fig. 3 for details).
b The phenotypic characteristics examined were biofilm formation and crystal precipitation (see Fig. 4). MB, metallic biofilm; SC, salt crystal precipitation; N/A, not available (no
biofilm formed and no crystal precipitated).
c Halo zone formed around the bacterial colonies on nutrient agar plates (see Fig. 4). 	, halo formed; �, no halo formed.
d Hours per generation. A minimum of two replicates were conducted using freshly prepared initial culture inocula. N/A, the isolate was not available for assay.
e Including the disc diameter of 6 mm. Antibiotics were tested at 1 mM concentrations. Abbreviations: Kan, kanamycin; Oxy, oxytetracycline; Tri, trimethoprim; Amp, ampicillin;
Pen, penicillin; Chl, chloramphenicol. N/A, the isolate was not available for assay.
f The fifth instar of the B. insularis individual was examined.
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antibiotics produced inhibition zones of 14 to 31 mm, 11 to 26
mm, and 10 to 34 mm, respectively (Table 1). Sixteen isolates also
were inhibited by chloramphenicol (inhibition zones, 9 to 22
mm). The four isolates that were not inhibited by chlorampheni-
col belonged to clade BCC, based on the 16S rRNA sequence anal-
ysis. Overall, five isolates were susceptible to both ampicillin (in-
hibition zones, 19 to 34 mm) and penicillin (inhibition zones, 18
to 34 mm). Among these five, the ribotypes of four isolates clus-
tered in clade PBE; the ribotype of the other isolate was in clade
BCC. When the susceptibilities of cultured Burkholderia isolates
to kanamycin (t � 0.09; df � 18; P � 0.9263), oxytetracycline (t �
1.47; df � 18; P � 0.1593), trimethoprim (t � 0.52; df � 12; P �
0.6122), and chloramphenicol (t � 1.47; df � 13; P � 0.0968)
were compared, no significant difference was found between cul-
tured Burkholderia isolates from BiR and BiS insects.

DISCUSSION

Although exocellular gut-symbiotic Burkholderia spp. have been
isolated and cultured in vitro from true bugs in the superfamilies
Lygaeoidea and Coreoidea (6, 11, 38), previous attempts to isolate
Burkholderia spp. from B. insularis insects using both midgut

crypt homogenates and intact crypts in various axenic media have
failed (12). Similarly, with the conventional plating cultivation
method, only 10% of the attempts made to culture the crypt-
inhabiting Burkholderia sp. from another chinch bug species,
Cavelerius saccharivorus, have been successful (10/100 dissected
crypts [Y. Kikuchi, personal communication]). These findings
suggest that the ability to culture insect-associated Burkholderia
spp. differs depending on the host species. It should be noted that
both B. insularis and C. saccharivorus are phloem-feeding insects
in the family Blissidae and possess tubular crypts that harbor
closely related Burkholderia spp., as determined on the basis of
ribotyping (12, 24). Therefore, the difficulty of culturing Burk-
holderia spp. from both blissid species may be related to the in vivo
environment within the crypts as a specialized symbiotic organ
and/or to the physiological adaptations of these symbiotic bacteria
to this specialized microhabitat.

In the current study, the crypt-inhabiting Burkholderia spp.
were cultured successfully from 73% of B. insularis individuals
(n � 30) by incubating the symbiont organ (midgut crypts) in
insect cell culture medium (ICM). Importantly, ICM maintained
the viability of crypts, as witnessed by peristaltic movement during

TABLE 2 Estimated genome sizes of Blissus insularis-associated symbiont Burkholderia isolates detected by PFGE and of Burkholderia reference
strains

Cladea Strain designation
No. of
replicatesb

Mean (SE) size (Mb)c of:

Total (SE) size (Mb)Replicon 1 Replicon 2 Replicon 3 Replicon 4 Replicon 5 Replicon 6

SBE Bi16MC_R_vitro 2 3.4 (0) 1.8 (0) 1.6 (0) 0.5 (0) 7.3 (0)
Bi18MC_R_vitro 2 3.0 (0.1) 1.3 (0.1) 1.2 (0) 1.1 (0) 0.5 (0) 0.5 (0) 7.5 (0.1)
Bi22MC_R_vitro 2 3.1 (0) 1.5 (0) 1.2 (0) 1.0 (0) 0.5 (0) 0.5 (0) 7.7 (0)
Bi23MC_R_vitro 2 3.0 (0) 1.4 (0) 1.0 (0) 0.8 (0) 0.5 (0) 6.8 (0)
Bi12MC_S_vitro 2 3.0 (0.1) 1.4 (0.1) 1.0 (0) 0.7 (0) 0.6 (0) 6.7 (0.2)
Bi14MC_S_vitro 2 3.1 (0) 1.4 (0) 1.0 (0) 0.8 (0) 0.6 (0) 6.8 (0)
Burkholderia sp. strain RPE67 8.7d

Burkholderia sp. strain YI23 8.9e

PBE Bi20MC_R_vitro 3 3.5 (0) 2.0 (0) 1.3 (0) 1.2 (0) 8.0 (0)
Bi21MC_R_vitro 5 N/A N/A
Bi16MC_S_vitro 2 N/A N/A
Bi19MC_S_vitro 3 N/A N/A
Burkholderia caribensis 9.0f

BCC Bi17MC_R_vitro 2 3.4 (0) 2.8 (0) 1.0 (0) 7.2 (0)
Bi19MC_R_vitro 3 N/A N/A
Bi24MC_R_vitro 2 4.4 (0) 3.6 (0.1) 0.7 (0) 8.7 (0.1)
Bi25MC_R_vitro 2 4.5 (0) 3.8 (0) 8.3 (0)
Bi20MC_S_vitro 2 3.7 (0.1) 2.3 (0) 0.7 (0) 6.6 (0.1)
Bi21MC_S_vitro 2 4.4 (0.1) 3.8 (0) 8.2 (0.1)
Bi22MC_S_vitro 2 4.4 (0) 3.7 (0) 8.1 (0)
Bi26MC_S_vitro 2 4.4 (0) 3.7 (0) 8.1 (0)
Bi27MC_S_vitro 3 3.6 (0) 2.6 (0) 0.9 (0) 0.4 (0) 0.4 (0) 7.9 (0)
Bi28MC_S_vitro 2 3.6 (0) 2.6 (0.1) 1.0 (0) 7.2 (0.1)
Burkholderia gladioli 9.1g

Burkholderia cepacia 6.4h

a Defined by the universal 16S rRNA gene sequences (see Fig. 3 for details).
b Number of replicates conducted using freshly prepared sample plugs on separate PFGE gels.
c Replicons were separated on a 0.8% pulsed-field-certified agarose without restriction digestion. N/A, not available due to DNA degradation (a smear pattern) during PFGE (see
Fig. S5 in the supplemental material).
d Burkholderia sp. strain RPE67 has three chromosomes (3.1, 1.8, and 1.7 Mb) and three plasmids (1.4, 0.5, and 0.2 Mb). See reference 61.
e Burkholderia sp. strain YI23 has three chromosomes (3.1, 1.8, and 1.6 Mb) and three plasmids (1.9, 0.4, and 0.1 Mb). See reference 65.
f Burkholderia caribensis has two chromosomes (3.7 and 2.9 Mb) and two plasmids (2.0 and 0.4 Mb). See reference 66.
g Burkholderia gladioli has two chromosomes (4.4 and 3.7 Mb) and four plasmids (0.4, 0.3, 0.1, and 0.1 Mb). See reference 67.
h Data from the draft genome sequence of Burkholderia cepacia (68).
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the initial 72 h postdissection. During this period, crypt-inhabit-
ing bacteria probably adapted, switching from a symbiotic to a
free-living phenotype. Subsequent bacterial propagation led to
detectable swelling and, eventually, lysis of the crypts. In addition
to the laboratory-reared B. insularis insects examined here, 20
field-collected adults were subjected to the organ culture method;
the majority of these attempts produced Burkholderia cultures
(unpublished data). Both ribotyping and BOX-PCR fingerprint-
ing confirmed that the majority of culturable isolates were identi-
cal to the predominant Burkholderia strains inhabiting crypts.
Crypt preparations that did not produce cultures had 16S rRNA
gene sequences that clustered with those of culturable Burkhold-
eria isolates. These results implied that the bacteria inhabiting
these crypt preparations did not have distinct ribotypes, suggest-
ing that there is room for improvement of the culture method.

Previously, insect cell lines have been reported as substrates for
the propagation of bacterial symbionts. For example, selected
strains of the highly fastidious endocellular symbiont Wolbachia
can be propagated in combination with insect cells (39, 40); how-
ever, when transferred to a cell-free medium, the bacteria remain
viable but do not divide (41). Cultures of the endocellular symbi-
ont Sodalis glossinidius were propagated by inoculating tsetse fly
hemolymph into the insect cell line; bacteria adapted to the insect
cell line were subsequently grown in an agar-based medium under
a microaerobic atmosphere (42, 43). The secondary symbiont
“Candidatus Arsenophonus arthropodicus” of the hippoboscid
louse fly Pseudolynchia canariensis was propagated using this bi-
phasic approach (44). The availability of in vitro cultures has pro-
vided a platform for examination of the mechanisms underlying
insect-bacterium symbiosis (44–46).

In agreement with the previous study on B. insularis field pop-
ulations (12), the 16S rRNA gene sequences of crypt-associated
bacteria and their in vitro-produced counterparts isolated from
two separate B. insularis laboratory colonies (BiR and BiS) re-
vealed the consistent presence of multiple Burkholderia ribotypes,
which clustered in three distinct clades (Fig. 3). It should be em-
phasized that within both laboratory colonies, an array of gut sym-
biont ribotypes existed and persisted over a multigenerational
time frame. Significantly, 87% of B. insularis individuals examined
harbored a single Burkholderia ribotype in their respective midgut
crypts, suggesting a clonal association between Burkholderia spp.
and B. insularis. The mechanism by which these insects acquire
and maintain these exocellular symbionts in the crypt lumen is
unknown.

Like B. insularis, C. saccharivorus also contains Burkholderia
ribotypes that belong to the SBE, PBE, and BCC clades (24).
The symbiotic Burkholderia spp. inhabiting various true bug
species are represented by ribotypes belonging to the SBE clade
(6, 19). The presence of this less-diverse ribotype complex may
be associated with the nature of the symbiotic organ, the feed-
ing preference, and/or the habitat of host insects. Specifically,
in a legume seed-sucking bug species, Riptortus pedestris
(Hemiptera: Coreoidea: Alydidae), symbiotic Burkholderia spp.
populate the lumens of two-row midgut crypts (M4) (6, 19). In
contrast, the chinch bugs, B. insularis and C. saccharivorus, have
tubular crypts (12, 24) and are primarily phloem-sucking insects
that feed on the monocots St. Augustinegrass (20) and sugarcane,
Saccharum officinarum L. (47), respectively. In sugarcane soils, a
diversity of sequences of the Burkholderia complex, including ri-
botypes within the SBE, PBE, and BCC clades, has been revealed

using Illumina sequencing (48). Moreover, the abundance of soil-
derived Burkholderia sequences (58%) in the SBE clade (48) cor-
relates with the predominance of SBE ribotypes (68%) detected in
C. saccharivorus crypts (24). These findings suggest that the gut
symbionts of C. saccharivorus are acquired from the environment
(i.e., soils and host plants) (24). Like C. saccharivorus (47), B.
insularis feeds and oviposits on plant blade sheaths and basal
shoots (22). Currently, no published information on the micro-
biome complex in St. Augustinegrass field soils is available, but
preliminary examinations using diagnostic PCR amplification
and 16S rRNA gene sequencing of St. Augustinegrass tissues have
revealed the presence of Burkholderia spp. (unpublished data),
suggesting their potential acquisition from plants by the phloem-
feeding B. insularis.

In addition to the ribotype, biofilm production, phenotypes,
PFGE profiles, growth rates, and antibiotic sensitivities for cul-
tured Burkholderia spp. isolated from B. insularis crypts varied
among isolates and did not correlate with the colony source (BiR
or BiS). Examination of 20 cultured Burkholderia isolates revealed
a correlation between the ribotype, phenotype, and physiological
characteristics. Many (55%) of the dissected crypts and their re-
spective Burkholderia cultures inoculated into ICM produced me-
tallic biofilms. Based on ribotyping, these biofilm-producing
Burkholderia isolates were distributed throughout the phyloge-
netic tree, but the majority of cultures (83%) were in the SBE and
PBE clades. Biofilm formation has been reported in other Burk-
holderia species (Burkholderia pseudomallei and B. cepacia com-
plex species), and it may be associated with many factors, such as
nutrient content, osmolarity, oxygen, pH, and temperature (49–
51). In selected microbe-invertebrate symbioses, biofilm forma-
tion contributes to the establishment and persistence of symbiotic
bacteria in host symbiont organs (52–55). Biofilms produced by
crypt-associated exocellular Burkholderia spp. are detected in the
crypt lumens of R. pedestris as an exocellular matrix with polysac-
charides (52), and they are associated with host insect fitness (56).
However, the nature of the biofilm, and the potential role it plays,
in the Burkholderia-Blissus interaction is unknown.

The genus Burkholderia contains diverse species that can be
free-living in various environmental niches and/or can inhabit
specific hosts (i.e., plants, fungi, or animals) (36, 57). One of the
notable features of Burkholderia species is the presence of multiple
chromosomes that contribute to the adaptability of these bacteria
to different microhabitats (57–59). Based on PFGE assays, the
genomes of crypt-inhabiting Burkholderia spp. ranged from 6.6 to
8.7 Mb, located in two to six replicons (Table 2). Four Burkhold-
eria isolates (two from BiR and two from BiS) run with 50 �M
thiourea (60) produced unresolvable DNA patterns. Of these four
isolates, three belonged to the PBE clade. The large genomes with
multiple replicons in the B. insularis-associated Burkholderia spp.
were consistent with the genome sizes of other Burkholderia spe-
cies (6 to 11 Mb) reported in the current genome database online
(http://www.ncbi.nlm.nih.gov/genome/browse). Two symbiotic
Burkholderia strains from R. pedestris contained a 7.0- to 8.7-Mb
genome with three circular chromosomes and two to three plas-
mids (61, 62). Ribotypes of these two strains (RPE64 and RPE67)
were grouped into a single clade, SBE (19), which contained six B.
insularis-associated Burkholderia isolates (four from BiR and two
from BiS) that had 6.7- to 7.7-Mb genomes with four to six repli-
cons. In contrast to those in clade SBE, the Burkholderia isolates in
clade BCC contained a minimum of two large replicons and had
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an average genome size of 7.8 Mb. Based on ribotyping, these
isolates were closely related to pathogenic B. gladioli and B. cepacia
complex species, which have genomes ranging from 6 to 9 Mb
with two to three chromosomes (63). Overall, the estimated ge-
nome sizes and the numbers of replicons of gut-symbiotic Burk-
holderia isolates appeared to be correlated with the ribotype rather
than with the colony (BiR or BiS) of the B. insularis host.

Independently of the host source (BiR or BiS), all of the Burk-
holderia isolates tested that were assigned to clade SBE and most
isolates in clade BCC were resistant to ampicillin and penicillin,
whereas the isolates in clade PBE were susceptible to both antibi-
otics. However, regardless of the ribotype and host source, gut-
symbiotic Burkholderia spp. in B. insularis were susceptible to ka-
namycin, oxytetracycline, and trimethoprim. These antibiotics
may allow us to produce axenic insects and to examine the func-
tion of Burkholderia in B. insularis in future studies. In vitro Burk-
holderia spp. isolated from B. insularis had doubling times (3.4 to
11.1 h) considerably longer than those of B. cepacia complex spe-
cies (1.2 to 2.9 h) measured in a previous study (64). This differ-
ence may be due to differences in the nutritional content of media,
temperature, and/or other components of the culturing tech-
nique. No correlation was found between the doubling times of
the gut-symbiotic Burkholderia isolates tested in the current study
and their ribotypes.

In summary, the organ culture method established in vitro cul-
tures of a fastidious Burkholderia symbiont associated with the
midgut crypts of B. insularis. The identities of the resulting Burk-
holderia cultures were confirmed using their genomic and physi-
ological properties. The results demonstrated that B. insularis
insects maintained, over multiple generations, a diversity of gut-
symbiotic Burkholderia strains by harboring a single ribotype
within an individual insect. Access to cultures of these crypt-in-
habiting bacteria provides an opportunity to investigate the inter-
action between symbiotic Burkholderia spp. and the B. insularis
host. Furthermore, the culturing method outlined here provides
an alternative strategy for establishing in vitro cultures of other
fastidious insect-associated bacterial symbionts.
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