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Previously we reported the cultivation of novel verrucomicrobia, including strain TAV2 (93% 16S rRNA gene identity to its near-
est cultivated representative, Opitutus terreae PB90-1) from the gut of the termite Reticulitermes flavipes. To gain better insight
into the Verrucomicrobia as a whole and understand the role of verrucomicrobia within the termite gut ecosystem, we analyzed a
draft genome and undertook a physiological characterization of TAV2. Strain TAV2 is an autochthonous member of the R. flavi-
pes gut microbiota and groups phylogenetically among diverse Verrucomicrobia from R. flavipes and other termites that are rep-
resented by 16S rRNA gene sequences alone. TAV2 is a microaerophile, possessing a high-affinity cbb3-type terminal oxidase-
encoding gene and exhibiting an optimum growth rate between 2 and 8% (vol/vol) oxygen. It has the genetic potential to degrade
cellulose, an important function within termite guts, but its in vitro substrate utilization spectrum was limited to starch and a
few mono- and disaccharides. Growth occurred on nitrogen-free medium, and genomic screening revealed genes for dinitroge-
nases, heretofore detected in only a few members of the Verrucomicrobia. This represents the first (i) characterization of a verru-
comicrobial species from the termite gut, (ii) report of nif and anf genes in a nonacidophilic verrucomicrobial species, and (iii)
description of a microaerophilic genotype and phenotype in this phylum of bacteria. The genetic and physiological distinctive-
ness of TAV2 supports its recognition as the type strain of a new genus and species, for which the name Diplosphaera colitermi-
tum gen. nov., sp. nov., is proposed.

The bacterial phylum Verrucomicrobia (25, 30) together with
the Planctomycetes, Chlamydia, and sister phyla Poribacteria

and Lentisphaera form a monophyletic, deeply rooted “superphy-
lum” (1, 8, 67). The abundance of verrucomicrobia in many hab-
itats (37) suggests that they have the potential to exert a consider-
able ecological impact. For example, verrucomicrobial 16S rRNA
gene sequences represent a sizeable percentage of sequences in soil
clone libraries (23, 56), with total verrucomicrobial cell number
estimates ranging from 106 to 108 cells per gram (dry weight) of
soil (20), thereby contributing up to 0.2% of the total DNA in soil
(45). Moreover, verrucomicrobial rRNA comprised 2.2% to 10%
of the total rRNA extracted from soil samples (11), implying that
they are metabolically active members of the microbial commu-
nities in both agricultural and native soils.

Despite their ubiquity and implied ecological importance, only
the heavily piliated Verrucomicrobium spinosum (1), several spe-
cies of Prosthecobacter (25, 61, 62), and three strains isolated from
rice paddy soils (32) were obtained in pure culture prior to the
new millennium. However, new strategies for isolation, as well as
novel methods for detection of sought-after microorganisms on
solid media (64), have yielded more than 40 additional Verruco-
microbia cultivars (13, 14, 16, 31, 34, 50, 54–57, 64, 74–81). Nev-
ertheless, the verrucomicrobia remain defined primarily through
the more than 3,900 16S rRNA gene sequences from various ter-
restrial, aquatic, and host-associated environments which have
been deposited in public databases. Hence our knowledge of the in
situ physiology, function, and importance of this ubiquitous
group of microorganisms remains meager. Perhaps the most sur-
prising recent discovery is that three verrucomicrobial isolates,
“Methylacidiphilum” strain V4, “Methylacidiphilum” strain SolV,
and “Methylacidiphilum” strain Kam1, have the ability to oxidize

methane (a capacity previously known only within the proteobac-
teria) and can do so under extremely acidic conditions (pH 0.8 to
2.0) (18, 31, 46, 50). Additionally, these isolates contain genes for
nitrogen fixation, and nitrogen-fixing activity and diazotrophic
growth have been demonstrated for strain SolV and strain Kam1,
the first such finding within the phylum Verrucomicrobia (31, 35).

Cultivation-dependent and -independent studies have re-
vealed that some verrucomicrobia live in close association with
eukaryotes. Members of the candidate genus Xiphinematobacter
populate the intestinal epithelia of juvenile nematode worms (66),
ectosymbiotic verrucomicrobia on the marine ciliate Euplotidium
act as defensive cells (47), and novel verrucomicrobia have been
isolated from the human intestine (16), the gut of the sea cucum-
ber (54), marine sponges (57), and the digestive tract of a marine
clamworm (14). Previously, we reported the isolation of several
novel verrucomicrobia from the guts of wood-eating termites,
including the strain we further investigate here, TAV2, which is a
member of the Opitutaceae (64).

For over 100 years, termites and their gut microorganisms have
been a model for host-microbe nutritional interactions. In hind-
guts, bacterial symbionts perform four functions important to
termite vitality: (i) they contribute to cellulose and hemicellulose
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digestion; (ii) they contribute to termite nitrogen nutrition via
dinitrogen fixation and the recycling of excretory (uric acid) N, as
the lignocellulosic food of termites is typically nitrogen poor; (iii)
they produce acetate from the fermentative degradation of ligno-
cellulose, which supports up to 100% of the insect’s respiratory
requirements; and (iv) peripheral, gut wall-associated symbionts
consume inwardly diffusing oxygen, creating anoxia in the lumen
that supports fermentative production of acetate by bacteria (and
anaerobic protozoa) (10). Here, we sought to infer the possible
and probable ecological roles of strain TAV2 in termite guts and in
so doing increase our limited understanding of the Verrucomicro-
bia in general.

MATERIALS AND METHODS
Cultivation, nutrition, and physiological studies. Strain TAV2, along
with three other verrucomicrobia (TAV1, -3, and -4), was previously iso-
lated from hindgut homogenates of the common Eastern subterranean
termite, Reticulitermes flavipes (Kollar) (64). For routine maintenance,
verrucomicrobial strains were grown on solid R2A medium (Becton-
Dickinson Co., Sparks, MD) (53). For liquid cultures, cells were grown
with shaking (at 200 rpm in air) in 50-ml sterile Erlenmeyer flasks con-
taining 15 ml R2B medium, which was identical to R2A but lacked agar.
Unless indicated otherwise, all incubations were at 25°C.

Substrate utilization by TAV strains was examined by using 18-mm
anaerobe tubes (Bellco, Vineland, NJ) containing 5 ml of basal salt solu-
tion (BSS) (pH 7.0) (71) amended with 5 mg/ml yeast extract and 0.01%
each of a trace element solution and a vitamin solution (71) and a 4 mM
final concentration (unless otherwise noted in parentheses) of the sub-
strate to be tested. The test substrates included D-glucose, D-fructose,
D-galactose, D-mannose, D-trehalose, sucrose, D-ribose, D-xylose,
L-arabinose, D-mannitol, D-sorbitol, D-maltose, D-raffinose, D-cellobiose,
starch (0.1%), methylcellulose (0.1%), carboxy methylcellulose (0.1%),
microcrystalline cellulose (0.1%), xylan (0.2%, previously extracted with
70% cold ethanol), sodium DL-lactate, sodium pyruvate, sodium fuma-
rate, sodium acetate, allantoin, D-glucuronate, D-galacturonate (0.1%),
D-gluconic acid, xanthine, tannic acid (0.1%), resorcinol, vanillic acid,
sodium benzoate, and trimethoxybenzoate. Test cultures were inoculated
with 1% (vol/vol) of an exponential-phase culture growing in R2B and
then were incubated at 25°C with the tubes held nearly horizontal in a
rotary cell culture drum operating at 35 rpm. Cell growth was measured
by using a Milton-Roy Spectronic 20 colorimeter at a wavelength of 600
nm. An increase of at least 50% in optical density above that of the “no-
substrate” control was considered evidence of the ability to utilize the
substrate.

To determine whether strain TAV2 produces acetate, lactate, formate,
succinate, or butyrate during growth on glucose, TAV2 was cultivated in
triplicate in BSS medium amended with 5 mM glucose (described above)
in butyl rubber-stoppered 18-mm anaerobe tubes under atmospheres of
21% O2 (balance N2), 2% O2 (balance N2), or 100% N2. Simultaneously
with growth measurements, 1.0 ml of culture fluid was removed and cen-
trifuged at 12,000 � g for 10 min, and the supernatant was filtered through
a 0.22-�m-pore-size filter and stored at �20°C until used for organic acid
analysis. Organic acids were quantified by high-performance liquid chro-
matography (HPLC) (Waters, Milford, MA) on a 300- by 7.8-mm
Aminex HPX-87H column (Bio-Rad, Hercules, CA) at 23°C with 4 mM
H2SO4 as the eluent (0.6 ml/ml). Organic acids were detected with a Wa-
ters 2487 UV detector at 210 nm and calibrated with homologous stan-
dards.

The temperature range for growth was determined by using 250-ml
Erlenmeyer flasks containing 50 ml of R2B medium and possessing a
laterally attached 18-mm anaerobe tube for measuring optical density.
Each flask was equilibrated to the test temperature and then inoculated
with 1% (vol/vol) of a mid-exponential-phase culture of TAV2 grown in
R2B at a growth-supporting temperature close to the test temperature.

Growth, while cultures were shaken, was monitored by measurements of
optical density at 600 nm (OD600) (as described above) until stationary
phase was reached. The pH tolerance of TAV2 was tested by using 50-ml
Erlenmeyer flasks containing 10 ml of R2B medium ranging in pH
from 4.0 to 9.0 in increments of 0.5 pH unit. The medium was buffered
with 10 mM citric acid (for a pH range of 4.0 to 4.5), 2-(N-
morpholino)ethanesulfonic acid (for a pH range of 5.0 to 5.5), 3-(N-
morpholino)propanesulfonic acid (MOPS) (for a pH range of 6.0 to 7.5),
or Tris-HCl (for a pH range of 8.0 to 9.0). The salt tolerance of TAV2 was
determined by using 18-mm tubes containing 5 ml of R2B amended with
sodium chloride at concentrations varying from 0 to 4% in increments
of 0.5%.

To evaluate the growth of strain TAV2 in a liquid medium under
defined headspace concentrations of O2, butyl rubber-stoppered 18-mm
anaerobe tubes containing 5 ml of R2B medium modified to contain 10
mM total glucose (an increase above the normal 2.7 mM glucose concen-
tration of R2B medium to ensure that growth in all tubes was oxygen, not
substrate, limited) were prepared in air (21% O2) or under a headspace of
100% N2. To the tubes containing a 100% N2 headspace, air was injected
to attain a final headspace percentage of 2, 4, or 8% O2 (after the over-
pressure was released). To attain a headspace percentage of 12, 16, or 20%
O2, pure oxygen was injected instead of air. The tubes were sterilized by
autoclaving, inoculated with a 5% (vol/vol) inoculum of an exponential-
phase TAV2 culture growing in a homologous medium in air, and then
incubated in a rotary cell culture drum at 35 rpm at 22 to 23°C. Growth
was monitored spectrophotometrically as described above.

To evaluate the growth of strain TAV2 in nitrogen-free medium and
hence infer dinitrogen fixation capability, TAV2 was grown in a glucose-
salts medium (all values are in g/liter: glucose, 10.0; dipotassium phos-
phate, 1.0, magnesium sulfate, 0.2; calcium carbonate, 1.0; sodium chlo-
ride, 0.2; sodium molybdate, 0.005; and ferrous sulfate, 0.1) that
contained 0.2% gellan gum. Inoculated tubes were kept for 2 weeks in a
2% O2 environment and inspected daily for growth. The ability to grow
was evidenced by comparison with negative (noninoculated) and positive
controls after 2 weeks of incubation. Herbaspirillum seropidicae strain
ATCC 35892 was used as positive control.

Enzyme assays. TAV2 cells were grown in 100 ml R2B medium, in air,
in 500-ml glass bottles (Bellco, Vineland, NJ) to which an 18-mm anaer-
obe tube was laterally attached (70) and shaken at 250 rpm. At mid-log
phase, cells from the entire culture were harvested by centrifugation at
10,000 � g for 10 min at 4°C, washed with 20 ml sonication buffer (10 mM
EDTA, 50 mM Tris-HCl, pH 7.0), recentrifuged, and then resuspended in
10 ml of the same buffer. While held in an ice bath, cells were disrupted by
sonication with 3 pulses of 30 s each using a Branson model 450 Sonifier
(power setting of 5, 50% duty cycle) equipped with a 1/2-inch threaded-
body step horn with a flat tip, followed by centrifugation at 12,000 � g for
60 min at 4°C. The resulting supernatant was used for enzyme assays.

Catalase was assayed by measuring the rate of decrease in A240 of H2O2

as described by Beers and Sizer (4). Superoxide dismutase activity was
measured by the xanthine/xanthine oxidase-cytochrome c reduction
method (21). NAD(P)H oxidase and peroxidase activities were assayed as
described previously (63).

PCR-related procedures. The autochthony (i.e., indigenousness) of
TAV2 for R. flavipes was evaluated as described previously (70). Purified
DNA was obtained from approximately 100 resected guts of R. flavipes
worker larvae, from termite “nest soil,” and from adjacent but not
termite-associated “bulk forest soil” from Dansville, MI (the origin of R.
flavipes specimens). The DNA preparations were then PCR amplified with
the forward Verrucomicrobia-specific primer Ver53f (5=-TGG CGG CGT
GGW TAA GA-3=) (64) combined with the eubacterial reverse primer
1492r (5=-GGT TAC CTT GTT ACG ACT T-3=) (68). Amplifications were
performed in a 25-�l reaction mixture containing 0.2 �M each primer,
200 �M deoxynucleoside triphosphates (dNTPs), 1� Taq buffer, 1.5 mM
MgCl2, 0.625 U of Taq DNA polymerase (Invitrogen Co., Carlsbad, CA),
and 50 ng of DNA template. The PCR was initiated with a 3-min dena-
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turation step at 95°C, followed by 30 cycles of denaturation at 95°C for 30
s, primer annealing at 61°C for 30 s, extension at 72°C for 45 s, and a final
extension for 10 min. PCR-amplified DNA was cloned into TOP10 Esch-
erichia coli using the plasmid vector pCR2.1 (TA clone kit; Invitrogen,
Carlsbad, CA). Approximately 50 clones from each treatment were ran-
domly selected and the plasmid insert size checked via PCR using the same
primers and PCR conditions described above. The PCR products from
clones with the appropriate plasmid insert size (approximately 1,439 bp)
were chosen for direct sequence analysis. Prior to sequencing, unreacted
dNTPs and primers in the PCR mixtures were digested and dephospho-
rylated using ExoSap-IT (USB, Cleveland, OH).

Partial 16S rRNA gene sequences for each clone were determined by
using Applied Biosystems cycle sequencing technology (Applied Biosys-
tems, Foster City, CA), with the primer Ver53f. Sequence chromatograms
were checked for quality, and only sequences longer than 400 nucleotides
were used for subsequent analyses. The partial 16S rRNA gene sequence of
each clone was imported and aligned using the ARB software package
(http://www.arb-home.de/) (40). Ambiguities in sequence alignments
were corrected manually, where possible, and only unambiguously
aligned positions were used for the phylogenetic analysis. Phylogenetic
tree construction and bootstrap analyses were done in ARB using TREE-
PUZZLE. The statistical similarity of clone libraries was assessed with the
program �-LIBSHUFF. A nonparametric estimate of library similarity
was done according to the method of Yue and Clayton as implemented by
SONS (58, 59).

The total number of Verrucomicrobia cells in R. flavipes and their pri-
mary anatomical location were estimated by a dilution-to-extinction PCR
approach (70). Briefly, DNA was extracted from 50 to 100 freshly collected
intact termites, termite hindguts (from which the midguts were re-
moved), and degutted termite bodies by using a MoBio Ultraclean soil
DNA extraction kit (MoBio Laboratories, Carlsbad, CA). Purified DNA
was normalized on a per-termite-equivalent basis and was serially diluted
in buffer (10 mM Tris-HCl [pH 8.0] containing 50 ng/�l calf thymus
DNA as a carrier). As a control, 100 ng purified DNA from strain TAV2
was also serially diluted in buffer. Each dilution was used as the template
in a PCR with forward primer Ver53f, 63f (5=-CAT GTC GAC GTY TTA
AGC ATG CAA GT-3=), or 8f (5=-AGA GTT TGA TCC TGG CTC AG-3=)
combined with reverse primer 1492r. These primer pairs target regions of
the 16S rRNA gene common to most Verrucomicrobia, Spirochaetes, or
Bacteria, respectively. The PCR mixture was identical to that described
above, and a total of 30 PCR cycles were used. Five-microliter samples of
each PCR mixture were analyzed by electrophoresis on a 1.0% agarose-
0.5� Tris-borate-EDTA gel stained with 1� Gelstar nucleic acid stain
(Cambrex, East Rutherford, NJ). An estimate of the in situ abundance of
the organism was made by comparison of the extinction point (i.e., the
smallest amount of template DNA yielding a visible amplimer) of purified
TAV2 DNA to that of homologous target DNA in serially diluted termite
samples, as well as the determined genome size (see Fig. S1 in the supple-
mental material) and 16S rRNA gene copy number (see Fig. S2 in the
supplemental material) of TAV2 (5.2 Mb and one copy, respectively).

PCR amplification of the N subunit of the cbb3-type cytochrome oxi-
dase from TAV1 was done by using primers CcoNGenF (5=-CTC CAA
GCG CAC GGG NCC NGA YYT-3=) and CcoNGenR (5=-CGT GCA CGT
GGC CGA YNR TCC ART C-3=) (69). PCR conditions were as described
above except that an annealing temperature of 53°C was used. PCR am-
plification of nifH or anfH was done as described in reference 38 and
references therein.

Genomic properties. The genome size of TAV2 was estimated by
pulsed-field gel electrophoresis of PmeI, BlnI, or NotI restriction endo-
nuclease digestions of genomic DNA from an exponential-phase culture
(OD600 � 0.2 to 0.3; approximately 8 � 108 cells/ml) according to previ-
ously published protocols (6, 22). Electrophoresis was carried out using a
CHEF-DRII system (Bio-Rad Laboratories, Richmond, CA). Estimation
of 16S rRNA gene copy number for TAV2 was done by methods previ-
ously described (36) using the restriction enzymes ApaI, SmaII, and HaeII

(New England BioLabs, Ipswich, MA). G�C content was determined by
HPLC analysis of P1 nuclease- and alkaline phosphatase-digested samples
as described by Mesbah et al. (42), except that DNA was purified by using
a Qiagen genomic DNA kit (Qiagen, Valencia, CA) and an Altima C18

column (250 by 4.6 mm; particle size, 5 �m) (Alltech Associates, Deer-
field, IL) was used for HPLC.

Preparation of genomic DNA for sequencing. TAV1 and TAV2 cells
were grown to mid-exponential phase, and genomic DNA was isolated via
two phenol-chloroform extractions followed by precipitation with iso-
propanol (0.6, vol/vol) and salt removal with cold 80% ethanol. DNA was
resuspended in Tris-EDTA (TE) (pH 8.0) containing RNase A (1 mg/ml),
and the final concentration was measured with the DyNA QUANT2000
fluorometer (Amersham Pharmacia Biotech UK Ltd., Buchinghamshire,
United Kingdom). The DNA was quality checked on a 1.0% agarose-0.5�
Tris-borate-EDTA gel stained with 1� Gelstar nucleic acid stain. After
repeated attempts, only DNA from strain TAV2 passed quality standards
for size and purity required by the Joint Genome Institute for full genome
sequencing. Therefore, TAV2 DNA was submitted to the Joint Genome
Institute Microbial Sequencing program for sequencing and annotation
(http://genome.jgi-psf.org/opiba/opiba.info.html). TAV1 DNA was us-
able for PCR procedures (see above).

Microscopy. Phase-contrast micrographs were prepared from wet
mounts on agar-coated slides (48). Negative stains of TAV2 were prepared
according to established protocols using 7% nigrosin (5), and images were
captured on a Zeiss Axioskop microscope (Carl Zeiss, Inc., Thornwood,
NY) equipped with a SPOT charge-coupled-device digital camera (Diag-
nostic Instruments, Inc., Sterling Heights, MI). Transmission electron
microscopy and scanning electron microscopy were done at the MSU
center for advanced microscopy as described in reference 70.

Nucleotide sequence accession and strain deposition numbers. The
partial 16S rRNA gene sequences obtained from PCR amplification and
cloning of DNA from termite guts, termite nest soil, and non-termite-
associated soil obtained in this study have been deposited in the GenBank
database under accession numbers HQ830036 through HQ830155. Par-
tial ccoN and anfH gene sequences obtained from TAV1 DNA have been
deposited under accession numbers JQ064561 and JQ064562, respec-
tively. The genome of TAV2 can be accessed through GenBank under
accession number ABEA00000000. Type strain TAV2 has been deposited
in the ATCC (accession no. BAA-2264) and USDA Agriculture Research
Service (accession no. NRRL B-59605) culture collections.

RESULTS AND DISCUSSION
Abundance, diversity, and autochthony of Verrucomicrobia in
R. flavipes termite guts. Estimates of the location and abundance
of verrucomicrobia associated with R. flavipes, based on a
dilution-to-extinction PCR method (Fig. 1), revealed that, like
spirochetes, they are located exclusively within the termite hind-
gut. However, assuming a 5.2-Mb genome with one 16S RNA gene
copy per cell (as determined for TAV2 [see Fig. S1 and S2 in the
supplemental material]), verrucomicrobia are but a small portion
of the total gut microbiota, contributing only about 1.2 � 103 cells
out of an estimated total of 6 � 106 bacterial cells per gut (Fig. 1).
Although they represent only a small portion of this microbial
community, preliminary physiological analysis of strain TAV1
coupled with genomic and physiological analyses of strain TAV2,
described below, suggest that verrucomicrobia may nevertheless
fill an important ecological niche in the termite hindgut.

To determine whether termite-associated verrucomicrobia
were indigenous to the guts of R. flavipes and to assess their phy-
logenetic diversity, 16S rRNA gene clone libraries were prepared
from termite guts, termite nest soil, and bulk forest soil by using
PCR with primers targeting the Verrucomicrobia phylum. Analysis
of the clone libraries revealed that sequences obtained from R.
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flavipes guts were phylogenetically distinct from verrucomicrobial
sequences amplified from termite nest soil or bulk forest soil (Fig.
2). Sequences from R. flavipes guts shared 94.4% � 6.2% 16S
rRNA gene identity to each other. In contrast, the nucleotide iden-

tities of the hindgut clones were only 76.9% � 4.2 and 76.2% �
4.9% with clones obtained from nest soil and forest soil, respec-
tively. Likewise, �-LIBSHUFF analysis also indicated that the
clone library from termite guts was significantly different (P �

FIG 1 (A to C) Dilution-to-extinction PCR of DNA from termite hindguts, degutted termite bodies, and whole termites amplified with Verrucomicrobia (A)-,
general Bacteria (B)-, and Spirochaetes (C)-specific primers. Numbers above each lane represent the amount of DNA added on a “per-termite-equivalent” basis.
(D) Purified DNA from Verrucomicrobia strain TAV2 was serially diluted and amplified as a control. Assuming that the average nucleotide has a molecular mass
of 324 g/mol, one 5.2-Mb TAV2 genome with one 16S rRNA gene copy is slightly over five femtograms. A PCR product was detected in termite gut DNA diluted
to the equivalent of 1/256 of a gut (A). A PCR product was detected when control TAV2 DNA was diluted to 24 fg, approximating 4.8 cells (D). Thus, we can
estimate that there are 4.8 verrucomicrobia cells per 1/256 of a gut, yielding a total of 1.2 � 103 verrucomicrobial cells per termite gut.
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0.001) than the libraries obtained from both nest and forest soils.
Taken together, the above results substantiate the autochthonous
nature of the R. flavipes gut verrucomicrobia.

Further phylogenetic analysis clearly indicated the presence of
at least three distinct groupings of verrucomicrobia 16S rRNA
gene clones within the guts of R. flavipes (Fig. 2). Most clones
clustered within the family Opitutaceae and were most closely re-
lated to strain TAV1 (98.7% � 0.8% 16S rRNA gene identity), an
isolate obtained concomitantly with TAV2 (64). Six clones, also
within the family Opitutataceae, grouped most closely with a clone
(BCf3-05) from Coptotermes formosanus termites (93.9% � 0.8%
16S rRNA gene identity) (60). Additionally, four clones grouped
within the family Puniceicoccaceae and shared 76.4% � 1.0%
identity with TAV2. Together, these R. flavipes gut clones shared
an average 87.5% � 2.9% 16S rRNA gene identity with the isolate
TAV2, indicating that R. flavipes organisms collected in Dansville,
MI, harbor a phylogenetically diverse assemblage of Verrucomi-
crobia within their guts.

Interestingly, R. flavipes gut-derived clones within the family
Puniceicoccaceae grouped with several other termite-derived 16S
rRNA gene clones obtained from the guts of Reticulitermes san-
tonensis (suggested to be synonymous with R. flavipes [2]) col-

lected in France, Reticulitermes speratus collected in Japan (27, 28,
43), Cryptotermes cavifrons collected in the United States (26), and
Microcerotermes sp. collected in Thailand (27) (Fig. 2). These
clones shared 83.5% � 4.2% 16S rRNA gene identity with the
isolate TAV2. A single R. flavipes-derived clone outside the fami-
lies Opitutaceae and Puniceicoccaceae grouped with clone Rs-P07
obtained from R. speratus (28). While more detailed studies are
needed to indicate whether cospeciation has occurred between
termites and their gut verrucomicrobia, the similarity of verruco-
microbial clones from R. flavipes to those of other termites and the
implied autochthony of these bacteria suggest that the niches oc-
cupied by these symbionts are important for the vitality of their
host and/or gut microbial community stability. Accordingly, we
sought to further examine termite gut verrucomicrobia through
physiological characterization and draft genome sequence
analysis.

Isolate TAV1 appears to best represent the majority of verru-
comicrobia within the R. flavipes hindgut as inferred by 16S rRNA
gene sequencing (Fig. 2). Unfortunately, it produces copious
amounts of exopolysaccharides (64), which stymied most physi-
ological analyses and resulted in low DNA quality (low purity and
small fragment sizes) insufficient for complete genome sequenc-

FIG 2 Maximum-likelihood-based phylogeny of PCR-amplified 16S rRNA gene clones obtained with a Verrucomicrobia phylum-targeting primer set in this
study (boldface). Clones were obtained from R. flavipes hindguts (42 clones; GenBank accession numbers HQ830113 to HQ830155), nest soil (38 clones;
GenBank accession numbers HQ830074 to HQ830112), and adjacent but non-termite-associated bulk forest soil (37 clones; GenBank accession numbers
HQ830036 to HQ830073). The numbers of clones obtained from gut, nest soil, or forest soil DNA for each of the five subphyla within the Verrucomicrobia are
given in the bar graphs (subphyla 3 and “Spartobacteria” were combined). The phylogeny is based on 426 aligned nucleotides. Groups of closely related clones are
condensed and indicated by gray blades, with the number of clones indicated in parentheses. Branch points with �75% support are indicated by filled circles.
Branch points with 50 to 74% support are indicated by open circles. Accession numbers of reference species are shown in brackets. Scale bar, 0.10 change per
nucleotide.
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ing. Therefore, we chose TAV2 (which is the same species as TAV3
and TAV4, sharing 99.5% 16S rRNA gene identity [64]) for full-
genome sequencing and physiological analyses. Preliminary com-
parisons of TAV1 and TAV2 demonstrated they were highly sim-
ilar in substrate utilization spectra and in presence of a cbb3-type
terminal cytochrome oxidase and nitrogen fixation genes (see
below). This indicates that TAV2 is an appropriate model for
making ecological inferences regarding verrucomicrobia in the
termite gut.

Substrate utilization and acetate production. Of the Verruco-
microbia isolates examined to date, most utilize components of plant
biomass as energy sources, including a variety of oligo- and polysac-
charides (33, 55). Owing to the importance of microbial symbionts
within the termite gut to the conversion of plant polysaccharides to
acetate (the major oxidizable energy source of termites), we exam-
ined the genome of TAV2 for genes relevant to polysaccharide hydro-
lysis. We found that the TAV2 genome contains a gene predicted to
encode a catalytic cellulase protein (EC 3.2.1.4; glycohydrolase family
5) that shared 74% amino acid identity with a cellulase from the
closely related organism Opitutus terrae PB90-1 (GenBank accession
number YP_001819625), a �-1,4-xylanase (EC 3.2.1.8; glycohydro-
lase family 16) that shared 34% identity with a xylanase from O. terrae
PB90-1 (YP_001820089), and a starch phosphorylase (EC 2.4.1.1;
glycosyltransferase family 35) that shared 72% amino acid identity
with a starch phosphorylase from O. terrae PB90-1 (YP_001820917).

Additionally, analysis of the TAV2 genome revealed nearly all
genes necessary for glycolysis, with the exception of the gene for
glucose-6-phosphate isomerase (responsible for conversion of
glucose-6-phosphate to fructose-6-phosphate). It may be that the
seeming absence of this gene is due to the fact the genome has yet
to be closed. However, an extensive BLAST search of the TAV2
genome with homologs from O. terrae and other bacteria failed to

reveal even a partial match for this gene. It is possible that TAV2
expresses an as-yet-unidentified enzyme that can catalyze this re-
action or that it forms fructose-6-phopsphate via the pentose
phosphate pathway, for which it has all of the necessary
enzyme-encoding genes. TAV2 also contains a gene encoding a
PPi-dependent 6-phosphofructokinase (EC 2.7.1.90), an alter-
native to the “traditional” ATP-dependent enzyme (12, 72).
TAV2 also contains all the genes necessary for the tricarboxylic
acid (TCA) cycle and thus has the potential to completely oxi-
dize glucose to CO2.

These genomic data, including the discovery of genes for cel-
lulose, xylan, and starch degradation, prompted in vitro experi-
ments to test the ability of TAV1 and TAV2 to grow on 33 sub-
strates representing different classes of chemical compounds. Of
these, glucose, galactose, maltose, cellobiose, and starch sup-
ported both TAV1 and TAV2 growth (Table 1). Xylose and arabi-
nose were growth supporting for TAV1 but not TAV2. This, along
with the genomic data from TAV2 (see above), suggests that TAV2
may have recently lost the ability to oxidize monomeric pentoses,
a capability that may be retained in the majority of verrucomicro-
bia in the hindgut. In total, hindgut verrucomicrobia appear to
have become adapted to further oxidize pentose and hexose sugars
that may be released during polysaccharide hydrolysis by other
bacteria and/or protozoa.

In R. flavipes guts, the major end product of polysaccharide
dissimilation is acetate, with other identifiable end products being
lactate, formate, succinate, and butyrate (65). Thus, we investi-
gated whether TAV2 could produce acetate or other organic acid
end products from glucose when grown under a headspace of 21%
O2 (balance N2), 2% O2 (balance N2), or 100% N2. We were un-
able to detect any acetate or other identifiable soluble end prod-
ucts during growth on glucose under aerobic (21% O2) or mi-

TABLE 1 Phenotypic characteristics useful for distinguishing between Diplosphaera colitermitum strain TAV2T and other cultivated representatives
of Verrucomicrobiaa

Characteristic F. fucoidanolyticus P. vermicola A. agarolyticus O. terrae TAV1 TAV2

Subphylum 4 4 4 4 4 4
Environment Sea cucumber gut Clamworm gut Hot spring Paddy soil Termite gut Termite gut
Cell shape Coccus Coccus Coccus Coccus Diplococcus Diplococcus
Cell size (�m) 1.2–1.6 0.6–1.0 0.8–0.9 0.4–0.6 0.5–0.6 0.5–0.6
Color Yellow or beige Pale red White Colorless Colorless Colorless
Anaerobic growth � � � � � �
Oxidase � � � � � �
Catalase � � � � � �
Motility � � � � � �
Temp range (oC) 10–40 8–37 40–55 10–37 ND 15–35
pH range 5.0–12.0 5.5–9.5 ND 5.5–9.0 ND 5.5–7.5
Growth in NaCl (%) 10 10 2.0 3.0 ND 1.5

Carbon sources
Glucose ND � � � � �
Galactose ND � � � � �
Maltose ND ND � � � �
Cellobiose ND � � � � �
Xylose ND � � � � �
Arabinose ND � ND � � �
Starch ND � ND � � �

GC content (mol %) 52 52.1 65.8 73.7 ND 60.5
a Comparison with Fucophilus fucoidanolyticus SI-1234 (54), Puniceicoccus vermicola IMCC1545T (14), Alterococcus agarolyticus CCRC19135T (14), Opitutus terrae DSM11246T

(13), and termite gut verrucomicrobial strain TAV1 (64). �, present or utilized; � absent or not utilized; ND, not determined.
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croaerobic (2% O2) conditions. TAV2 (and TAV1) did not grow
anaerobically (100% N2) even though a variety of alternative elec-
tron acceptors were added to the medium (see below). Thus,
TAV2 appears to completely oxidize glucose to CO2 during aero-
bic growth in vitro and probably does so in situ.

Relationship of strain TAV2 to oxygen. Oxygen concentra-
tions at the termite gut periphery are estimated to be approxi-
mately 4% (vol/vol), decreasing to anoxia at 100 to 200 �m in-
wardly from the gut wall (9). Though TAV2 can grow on agar
media under atmospheric (21%, vol/vol) concentrations of oxy-
gen, its autochthony in the termite gut and apparent lack of cata-
lase, peroxidase, and superoxide dismutase activities, as well as an
O2-protective capsule (evidenced by nigrosin negative staining
[Fig. 3]), suggested that it may be better adapted to lower-than-

atmospheric concentrations of oxygen. Thus, we investigated the
growth of TAV2 on glucose under conditions favorable for anaer-
obic (fermentation and anaerobic respiration) and aerobic
growth. The results (Table 2) revealed that under complete an-
oxia, TAV2 failed to grow, even if nitrite, nitrate, sulfate, or sulfite
was added to the medium to support anaerobic respiration. Under
2% (vol/vol) oxygen (initial concentration), the generation time
during exponential phase was 7.7 � 0.7 h, and the final cell yield
was 2.5 � 109 � 7.4 �107 cells/ml. At initial O2 concentrations of
4 and 8%, the generation times and cell yields were similar. How-
ever, if the initial O2 concentration was increased to 12% and 20%,
the generation times during exponential phase decreased to 9.2 �
0.6 h and 11.7 � 1.4 h, respectively. Thus, under the conditions
tested, TAV2 appears to reach an optimal generation time at initial
O2 concentrations of between 2 and 8% (mean, 7.8 � 0.6 h),
decreasing with O2 concentrations of between 12 and 20% O2

(mean, 10.0 � 1.6 h) (P � 0.0001 by Student’s t test; n � 6 for each
O2 concentration). When cells were grown in the same tubes left
unsealed (and thus continually exposed to an atmospheric con-
centration of oxygen), the generation time increased significantly
to 14 � 0.9 h (P � 0.038; n � 3 for tubes incubated in air and n �
6 for sealed tubes incubated under 20% initial O2). The inability to
grow under anoxia, with optimum growth at between 2 and 8%
initial O2 indicates that TAV2 can be considered a microaerophile
and that, in situ, cells probably reside on or near the hindgut wall
(9). The microaerophilic growth of TAV2 may be partially ex-
plained by the apparent lack of catalase, superoxide dismutase,
and peroxidase activities (Table 1). However, TAV2 is not an ob-
ligate microaerophile, owing to its ability to grow at atmospheric
concentrations of O2, which suggests that it must possess other
mechanisms for the removal of toxic oxygen species.

Analysis of the TAV2 genome for genes relevant to respiratory
activity further supports the microaerophilic nature of TAV2.
Many microaerophiles that spend at least part of their life in hy-
poxic environments, such as the N2-fixing root nodule symbiont
Bradyrhizobium japonicum, the gastric mucosa-colonizing patho-
gen Helicobacter pylori, and the recently characterized obligate mi-
croaerophile (from termite guts) Stenoxybacter acetivorans, utilize
a high-affinity cbb3-type terminal cytochrome oxidase (41, 49, 51,
69). Similarly, the genome sequence of TAV2 reveals it to have all

TABLE 2 Effect of headspace oxygen concentration on generation time,
final cell yield, and final medium pH of Diplosphaera colitermitum strain
TAV2a

Headspace O2, %
(no. of replicates)

Mean � SD

Generation
time, h

Final cell yield,
cells/ml

Final pH

0 (3) NGb

2 (6) 7.7 � 0.7 2.5 � 109 � 7.4 � 107 6.0 � 0.1
4 (6) 8.3 � 0.4 3.6 � 109 � 2.7 � 108 6.3 � 0.1
8 (6) 7.7 � 0.3 3.3 � 109 � 2.3 � 108 6.3 � 0.1
12 (6) 9.2 � 0.6 3.7 � 109 � 5.3 � 108 6.2 � 0.1
16 (6) 8.9 � 0.8 3.2 � 109 � 2.3 � 108 6.2 � 0.1
20 (6) 11.7 � 1.4 2.6 � 109 � 1.2 � 108 6.2 � 0.1
Air (3) 14.0 � 0 3.7 � 109 � 6.0 � 107 6.6 � 0.1
a Growth at O2 concentrations of 0 to 20% was measured in enclosed anaerobe tubes
without replacement of the atmosphere. Growth in air was measured in anaerobe tubes
with caps that allowed continual influx of atmosphere.
b NG, no growth.

FIG 3 Transmission electron (A), scanning electron (B), phase-contrast (C),
and phase-contrast nigrosin stain (D) micrographs of TAV2. Arrows indicate
the outer membrane (1), inner membrane (2), and an unidentified intracellu-
lar inclusion (3). Note that both the inner and outer membranes encircle each
cell (4). Scale bars, 0.25 �m (A and B) and 10 �m (C and D).
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of the necessary genes to express a cbb3-type terminal oxidase, and
the catalytic (N) subunit of a cbb3 oxidase was also identified in
TAV1 (95% amino acid sequence identity to TAV2) by PCR am-
plification and sequencing (Fig. 4). This is one of the few instances
where organisms outside the proteobacteria have been shown to
possess a cbb3-type terminal oxidase (49), and it is the first report
of such genes within the phylum Verrucomicrobia. In contrast to
the well-studied cytochrome aa3 oxidase, which has an estimated
Km for oxygen of 0.1 to 1 �M, the cbb3 oxidases have estimated Kms
in the nanomolar range (e.g., 7 nM for B. japonicum) (51). A
bd-type cytochrome has an even lower Km, at or near 3 nM O2

(17). However, the TAV2 genome does not appear to contain
either of the genes (CydA and CydB) necessary for expression of a
bd-type terminal oxidase. The ability of organisms utilizing these
high-affinity enzymes to consume oxygen to very low concentra-
tions presumably minimizes the production of reactive oxygen
species (to which microaerophiles may be particularly sensitive)
and helps also to reconcile the absence of genes encoding catalase,
peroxidase, and superoxide dismutase in TAV2, as well as the
absence of such activities in TAV2 cell extracts. The typically
greater energy yield of aerobic versus anaerobic metabolic pro-
cesses may give a competitive edge to organisms with a cbb3-type
terminal oxidase in low-O2 environments. It may also allow O2-
labile processes such as N2 fixation to occur (see below) (52).

The TAV2 genome contains genes encoding subunits of cyto-
chrome aa3 oxidase, but it lacks several genes encoding enzymes
that catalyze the conversion of protoheme to the heme A pros-
thetic group required for the aa3 oxidase activity as well as genes

encoding aa3 assembly proteins (e.g., COX10, COX11, and
COX15). Therefore, the genomic data suggest that the cbb3 termi-
nal oxidase may be the sole oxidase used by TAV2. Interestingly,
TAV2 does not appear to contain a bc1-type cytochrome complex
or a cytochrome c reductase, which are normally responsible for
the transfer of electrons from a ubiquininone or menaquinone
pool onto the terminal cytochrome oxidase. How TAV2 transfers
electrons from NADH dehydrogenase and succinate dehydroge-
nase/fumarate reductase down the electron transport chain onto
the cbb3 terminal oxidase remains an interesting aspect of its phys-
iology to be studied.

Genomic evidence for dinitrogen fixation potential in TAV2.
The paradigmatic enzyme for fixation of atmospheric dinitrogen
into ammonia is a molybdenum-containing nitrogenase enzyme
complex (Mo nitrogenase) encoded by the nifHDK operon. How-
ever, some diazotrophs also contain “alternative,” molybdenum-
independent nitrogenases, such as iron-only or vanadium-
dependent nitrogenases encoded by the anfHDGK and vnfHDGK
operons, respectively (7, 44). Analysis of the TAV2 genome re-
vealed two regions containing genes initially identified as “nitro-
genase.” To further explore this, Pfam (3) and TIGRFAM (24)
model comparisons were done, as well as COG and KEGG data-
base searches. Together, these data strongly suggest that TAV2
contains both a nifHDK operon and an anfHDGK operon (Fig. 5).
Furthermore, genes in close proximity to the nifHDK operon are
predicted to encode molybdenum ABC transport and permease
proteins as well as to synthesize ferredoxin, a common electron
donor for nitrogenase enzymes (19). It was also confirmed that

FIG 5 Organization of open reading frames predicted to encode molybdenum and iron nitrogenases, as well as associated genes in TAV2. Coding regions: mod,
molybdenum transport; nif, molybdenum nitrogenase; ftn, ferretin; anf, iron nitrogenase.

FIG 4 Maximum-likelihood-based phylogenetic analysis of the deduced amino acid sequence (122 positions) of the catalytic subunit of the cbb3 terminal
cytochrome oxidase (ccoN) from the draft genome sequence of TAV2 and targeted PCR amplification of TAV1 DNA (boldface). The TAV sequences cluster with
five others obtained from the guts of Reticulitermes flavipes as described in reference 69. The GenBank accession numbers for these five clones are ABN10029,
ABN10043, ABN10046, ABN10058, and ABN10088. Accession numbers for TAV and reference species are given in brackets. Branch points with �75% support
are indicated by filled circles. Branch points with 50 to 74% support are indicated by open circles. Scale bar, 0.1 change per amino acid.
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TAV2 contains nifA and anfA genes, the transcriptional activators
at nif and anf promoters (39). TAV2 does not seem to contain a
gene for nifL, a transcriptional repressor of nifA under unfavor-
able growth conditions, but does contain glnB, a nifA activator in
some diazotrophic bacteria (39).

Sequence comparisons were made and a phylogenetic tree was
constructed for the putative nifH and anfH genes of TAV2 by
using a database of 12,344 nifH and anfH sequences collected from
GenBank (Fig. 6). These results support the finding that TAV2 has
both nifH and anfH genes, as each clustered strongly with other
known nifH and anfH sequences. The validity of these clusters is
supported by empirical evidence, particularly with regard to mu-
tational and functional analyses of nifH and anfH in Rhodopseu-
domonas palustris (44). Interestingly, preliminary data show
TAV1 to have an anfH gene that shares 97% amino acid identity
with the anfH from TAV2 (Fig. 6). More targeted amplification
and/or genome sequencing will be needed to determine if TAV1
also has a nifH gene. Surprisingly, the nifH gene from TAV2
shared 83% identity over 274 amino acids to the nifH gene from
Verrucomicrobium strain DG1235 (unpublished; GenBank acces-
sion number ABSI00000000), collected from the marine dinofla-
gellate Scrippsiella trochidae (Fig. 5). Based on 16S rRNA phylog-
eny, TAV1, TAV2, and DG1235 are members of the Opitutaceae
family of the Verrucomicrobia, suggesting common ancestry of the
nifH gene within this family and the possibility that many other
members may have homologous genes, though it does not seem to
be present in the free-living Opitutus terrae PB90-1 (GenBank
accession number CP001032). Three nifH clones sequenced from
DNA obtained from the hindguts of the termite Zootermopsis
navadensis clustered with TAV2 nifH, and two anfH clones from
the hindguts of the termite Schedorhinotermes medioobscurus (73)
clustered with TAV2 anfH, indicating they may also be derived

from termite gut verrucomicrobia. The deduced amino acid se-
quence of the nitrogenase iron-protein NifH and AnfH of TAV2
revealed motifs such as the Walker-A motif, as well as the Fe4S4

binding sites that are present in all nitrogenase iron-proteins (15).
This, together with positive growth of TAV2 on nitrogen-free me-
dium (data not shown), indicates that one or both of these en-
zymes are fully functional. Nitrogen fixation is a particularly im-
portant functional attribute within the gut ecosystem, as the
termite diet has a low N content. Although spirochetes, being
numerically abundant, appear to play an important role in pro-
viding nitrogen to the termite host (38), verrucomicrobia may
contribute the N pool within the gut ecosystem as well. Studies
investigating the expression of TAV2 nifH and anfH in vivo and
in vitro, particularly with regard to oxygen concentration, are
ongoing.

TAV2 is the fourth published member of the phylum Verruco-
microbia found to possess nifHDK genes (46); the three others
belong to the genus “Methylacidiphilum,” whose members char-
acteristically have C1 metabolism and extreme acid tolerance. Two
of the isolates can fix N2, as inferred directly through acetylene
reduction assays (for “Methylacidiphilum” strain SolV [35]) or
through growth in nitrogen-free medium (for “Methylacidiphi-
lum” strain Kam1 [31]). No physiological evidence for N2 fixation
in “Methylacidiphilum” strain V4 has been published (18, 29).
Hence, TAV2 is the first reported nonacidiphilic, obligately het-
erotrophic, host-associated Verrucomicrobia strain that has
nifHDK genes and expresses a functional nitrogenase. Further-
more, it is the first Verrucomicrobia strain found to have anfHDGK
genes. Taking these findings together with genomic data from the
as-yet-unpublished Verrucomicrobium strain DG1235, it is in-
triguing to consider if verrucomicrobia may exert a greater impact
with regard to nitrogen availability in certain ecosystems (host

FIG 6 Maximum-likelihood-based phylogenetic analysis of the deduced amino acid sequence (74 positions) of nifH and anfH from draft genome sequence
analysis of TAV2 and targeted PCR amplification of TAV1 DNA (boldface). nifH sequences from two other verrucomicrobia are underlined (the nifH from
“Methylacidiphilum” strain SolV [GenBank accession number GU299762] shares 98% amino acid sequence homology with the nifH from “Methylacidiphilum”
strain V4 [YP_001940528], and hence we represent only strain SolV here). Despite exhaustive searching, the dinitrogenase reductase from “Methylacidiphilum”
strain Kam1 was not available through NCBI GenBank, though it is assumed to cluster with those of strains SolV and V4 based on a previous publication (34).
Branch points with �75% support are indicated by filled circles. Branch points with 50 to 74% support are indicated by open circles. Accession numbers of
reference species are shown in brackets. Scale bar, 0.1 change per amino acid.
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associated, acidic, and oligotrophic) than previously realized.
With the advent of new low-cost, high-throughput sequencing
technologies, an assessment of the distribution of nitrogenase
genes within members of the phylum Verrucomicrobia (and the
related Planctomyces, etc.) along with increased cultivation efforts
and nitrogenase activity assays would be very revealing with re-
gard to the importance of verrucomicrobia to nitrogen fixation in
other ecosystems.

Proposal for a new taxon, Diplosphaera colitermitum gen.
nov., sp. nov. The genomic and physiological properties of Ver-
rucomicrobia strain TAV2 are sufficiently distinct from those of
any other known bacterium to warrant its classification as a new
genus and species within the phylum Verrucomicrobia. The rela-
tively distant 16S rRNA gene similarity (93%) to the closest named
relative, Opitutus terrae PB90-1, coupled with the biochemical
characteristics outlined in Table 2 and its microaerophilic pheno-
type, narrow substrate utilization spectrum, and autochthony
within the termite gut further support this. Accordingly, we pro-
pose the name Diplosphaera colitermitum for this bacterium (see
below).

Description of Diplosphaera gen. nov. Diplosphaera gen. nov.
(Di.plo.spha.e=ra. Gr. adj. diploos, double; L. fem. n. sphaera,
globe, sphere; N.L. fem. n. diplosphaera, double sphere or diplo-
coccus). The genus description is, at present, the same as for the
type species, Diplosphaera colitermitum.

Description of Diplosphaera colitermitum sp. nov. Diplospha-
era colitermitum sp. nov. (co.li.term.i=tum. L. n. colon -i, colon,
part of the large intestine; L. n. termes -itis, wood-eating worm,
termite; N. L. gen. pl. n. colitermitum, of the gut of termites). Cells
are coccoid (0.25 �m to 0.5 �m in diameter) and occur almost
exclusively in pairs, with a Gram-negative cell wall morphology
that includes an outer membrane (Fig. 3). Cells are nonmotile,
obligate aerobes and are microaerophilic. The shortest generation
times occur in liquid medium under an atmosphere of 2 to 8% O2

(balance N2). On solid R2A medium, colonies are 2 to 4 mm in di-
ameter, have an entire margin and a low convex, mucoid morphol-
ogy, and are cream colored. Cells do not possess catalase, superoxide
dismutase, or NADH/NADPH peroxidase activity. Nitrogenase ac-
tivity is inferred through growth on nitrogen-free medium. Growth
occurs in liquid media between 15 and 35°C (optimum, 30°C); there
is no growth at 37°C or 4°C. Growth occurs at a pH range of 5.5 to 7.5
(optimum, 7.0); there is no growth at a pH of �5 or �8. Substrates
utilized as energy sources include starch, D-cellobiose, D-maltose,
D-glucose, D-galactose, and one or more components present in yeast
extract. Microcrystalline cellulose, methylcellulose, carboxy methyl-
cellulose, xylan, D-fructose, D-mannose, D-trehalose, sucrose,
D-ribose, D-xylose, L-arabinose, D-mannitol, D-sorbitol, D-raffinose,
DL-lactate, sodium pyruvate, sodium fumarate, sodium acetate, allan-
toin, D-glucuronate, D-galacturonate, D-gluconic acid, xanthine, tan-
nic acid, resourcinol, vanillic acid, sodium benzoate, and trimethyl-
benzoate are not utilized. The genome of type strain TAV2 is 5.2 Mb
in size, contains 60.5 mol% G�C, and possesses one 16S rRNA gene
copy (see Fig. S2 in the supplemental material). The type strain, iso-
lated from guts of Reticulitermes flavipes (Kollar) collected in Dans-
ville, MI, is TAV2.
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