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Phylogenetic relationships, diversity, and in situ identification of spirochetes in the gut of the termite
Neotermes koshunensis were examined without cultivation, with an emphasis on ectosymbionts attached to
flagellated protists. Spirochetes in the gut microbial community investigated so far are related to the genus
Treponema and divided into two phylogenetic clusters. In situ hybridizations with a 16S rRNA-targeting
consensus oligonucleotide probe for one cluster (known as termite Treponema cluster I) detected both the
ectosymbiotic spirochetes on gut protists and the free-swimming spirochetes in the gut fluid of N. koshunensis.
The probe for the other cluster (cluster II), which has been identified as ectosymbionts on gut protists of two
other termite species, Reficulitermes speratus and Hodotermopsis sjoestedti, failed to detect any spirochete
population. The absence of cluster II spirochetes in N. koshunensis was confirmed by intensive 16S ribosomal
DNA (rDNA) clone analysis, in which remarkably diverse spirochetes of 45 phylotypes were identified, almost
all belonging to cluster 1. Ectosymbiotic spirochetes of the three gut protist species Devescovina sp., Steph-
anonympha sp., and Oxymonas sp. in N. koshunensis were identified by their 16S rDNA and by in situ
hybridizations using specific probes. The probes specific for these ectosymbionts did not receive a signal from
the free-swimming spirochetes. The ectosymbionts were dispersed in cluster I of the phylogeny, and they
formed distinct phylogenetic lineages, suggesting multiple origins of the spirochete attachment. Each single
protist cell harbored multiple spirochete species, and some of the spirochetes were common among protist
species. The results indicate complex relationships of the ectosymbiotic spirochetes with the gut protists.

The relationship between termites and the microorganisms
inhabiting their guts is one of the most remarkable examples of
symbiosis. The relationship enables termites to feed on ligno-
celluloses. The gut microbial community consists of both pro-
tists (single-cell eukaryotes) and prokaryotes and is known to
have several beneficial roles (6). However, culture-indepen-
dent molecular sequence studies reveal that the majority of
microbes in the gut are yet to be characterized (8, 18-23, 27,
31), which limits our understanding of the symbiosis.

Spirochetes are one of the most abundant and morpholog-
ically distinct groups of bacteria that are common in the ter-
mite gut (5, 16). Although these spirochetes had long been
uncultivated, two strains (Treponema sp. strains ZAS-1 and
ZAS-2) have recently been isolated from the gut of the termite
Zootermopsis angusticollis and shown to be CO,-reducing ace-
togens, whose metabolism is beneficial for termites, since ac-
etate is their major carbon and energy source (12). It has been
demonstrated that some of the spirochetes, including the gut
isolates, have potential nitrogen fixation activity (13), an activ-
ity that contributes substantially to the nitrogen economy of
termites that thrive on nitrogen-poor food. The findings imply
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important roles for symbiotic spirochetes in the nutrition of
host termites.

The presence of diverse spirochetes has been reported from
several termite species through analyses of the 16S rRNA gene
(168 ribosomal DNA [rDNA]) amplified directly from DNA of
a mixed microbial population in the termite gut (2, 3, 9, 14,
17-19, 24). These spirochetes were found to be affiliated with
the genus Treponema, but none were closely related to any
identified species of the genus. It has been reported that a
single termite species alone harbors >20 phylotypes of Trepo-
nema species (14). Closely related phylotypes of gut spiro-
chetes rarely occur among termite genera (14, 17). Given the
existence of ~280 termite genera, these observations suggest a
great diversity of gut spirochetes of termites. They are divided
into two phylogenetic clusters, which have been designated
termite Treponema clusters I and II (9, 17). In this study, we
refer to them simply as clusters I and II. Cluster I contains
diverse phylotypes of the gut spirochetes and includes the
strains isolated from the termite gut, whereas cluster II is
smaller and belongs to the Treponema bryantii subgroup.

Spirochetes either exist freely in the gut fluid or are attached
as ectosymbionts to the cell surfaces of gut protists. An exam-
ple of the ectosymbiotic association is the fact that the ecto-
symbiotic spirochetes are linked with the motility of a protist
cell (7), although most ectosymbionts observed to date do not
appear to be involved in motility symbioses (4, 5, 10, 11).
Nevertheless, we use the term ectosymbiont to mean simply
that they are physically associated. Ultrastructural observa-
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FIG. 1. In situ hybridization of ectosymbiotic spirochetes of gut protists stained simultaneously with the consensus probes for cluster I and
cluster II. The protists D. porteri in R. speratus (Al to A4) and Pyrsonympha sp. in H. sjoestedti (B1 to B4) are shown. The cluster II consensus probes
TT-484V3 and TT-1248VS, labeled with 6-FAM (Al and B1), and the cluster I consensus probe TTI-732, labeled with Texas Red (A2 and B2),
were used. Confocal laser scanning microscopy visualized the fluorescent signals. (A3 and B3) Differential interference contrast micrographs. Bars,
10 pm. (A4) Merged image of panels Al and A2; (B4) merged image of panels Bl and B2.

tions of the ectosymbiotic spirochetes reveal specialized at-
tachment sites on the protists (4, 28-30). Despite extensive
analyses of the 16S rDNA sequences of spirochetes in the
termite gut, their distributions and locations have not yet been
investigated fully. In situ hybridization with rRNA-targeted
oligonucleotide probes has been used for the phylogenetic
identification of gut spirochetes at the cellular level. Two spe-
cific 16S rDNA sequences belonging to spirochetes in cluster I
were identified as those of large species existing freely in the
gut fluid (2, 24). Members of cluster II are identified as ecto-
symbiotic spirochetes of oxymonad protists in the termites
Reticulitermes speratus and Hodotermopsis sjoestedti (9). How-
ever, not all ectosymbiotic spirochetes are in cluster II, since
some populations of ectosymbiotic bacteria that exhibit spiro-
chete-like morphology give no positive signal with a cluster II
consensus probe. Furthermore, various species of devesco-
vinid, calonymphid, and hypermastigote protists, in addition to
the oxymonad protists, also harbor dense populations of ecto-
symbiotic spirochetes. Thus, little is known about the nature of
this impressive ectosymbiosis.

In this study, we investigated the in situ localization of gut
spirochetes in several termite species, using oligonucleotide
probes that were specific for each cluster. The 16S rDNA-
based community structure of the spirochetes was analyzed in
the gut of Neotermes koshunensis, with an emphasis on the
phylogenetic and in situ identification of the ectosymbiotic
spirochetes of the gut protists.

MATERIALS AND METHODS

Termites. Two subterranean termites, R. speratus (family Rhinotermitidae)
and Coptotermes formosanus (Rhinotermitidae), the dry-wood termite N. ko-
shunensis (Kalotermitidae), and the damp-wood termite H. sjoestedti (Termop-
sidae) were used in this study. They were collected in Japan in Saitama, Okinawa,

Okinawa, and Kagoshima prefectures, respectively. The workers were used for
the analyses, and they were cultured for a week on an artificial diet prior to use,
as described previously (19). Only the termite N. koshunensis was used for DNA
extraction of the gut microbial community and for micromanipulation of the
protist cells.

DNA extraction and PCR amplification. Approximately 30 workers of N.
koshunensis were collected. After their exterior surfaces had been washed with
distilled water, the entire guts were removed with forceps and gently squeezed.
The cells of gut microorganisms were disrupted by freezing them in liquid
nitrogen and thawing them at 60°C. The DNA was extracted using a DNA
purification system (Qiagen) according to the supplier’s instructions. The 16S
rDNA was amplified from the extracted DNA by PCR using ExTaq DNA poly-
merase (Takara) according to the manufacturer’s instructions. The PCR condi-
tions were 20 cycles at 94°C for 30 s, 63°C for 45 s, and 72°C for 2 min. In order
to reduce the occurrence of chimeric artifacts, we selected the minimum number
of cycles that enabled us to obtain sufficient amplification products. The PCR
primers used were S58F (5'-CGGCGCGTYTTAAGCATGC-3'; Y = Cor T)
and S1400R (14), which are specific for spirochete 16S rDNA, corresponding to
the nucleotide positions 58 to 1400 of the Escherichia coli 16S TRNA sequence.
PCR products of the expected size (~1.4 kb) were isolated by electrophoresis,
using a low-melting-point agarose gel (SeaPlaque GTG; FMC Bioproducts), and
purified using the Wizard PCR Preps DNA purification system (Promega). The
purified PCR products were cloned into the pGEM-T vector (Promega) accord-
ing to the manufacturer’s instructions. We repeated the PCR and cloning of the
PCR products to construct two clone libraries, starting with independent PCRs.

Micromanipulation of protist cells. Protist cells in the gut of N. koshunensis
were fixed in solution U (32) containing 4% paraformaldehyde for 30 min. After
being washed with solution U, the protists were resuspended in fresh solution U.
Each protist cell was viewed under a microscope (DMIRB; Leica) and then
picked up with a micromanipulator (Transfer-Man; Eppendorf) equipped with a
handmade microcapillary that fitted the target cells. The separated cells were
suspended in fresh solution U, and the micromanipulation was repeated three
times to remove contaminating cells. Approximately 15 of the isolated protist
cells were used as templates for the PCR described above, except that 30, instead
of 20, cycles were used. The PCR products were isolated, purified, and cloned as
described above.

Screening, sequencing, and sorting of the clones. Spirochete clones containing
inserts of the expected size were identified by PCR amplification of the inserts
using the S58F-S1400R primer set. The PCR products were purified with a
multiscreen PCR purification filter (Millipore), and their partial nucleotide se-
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FIG. 2. Rank abundance plots showing the distribution of clones
into phylotypes in N. koshunensis. Abundance is plotted in each of the
two clone libraries from the whole gut contents. Phylotypes are ranked
according to their clone abundances in descending order. Phylotypes
common to the two libraries are shown by open symbols; the solid
symbols indicate phylotypes found in only one library. The five most
abundant phylotypes are indicated, three of which have close relatives
in the spirochete phylotypes identified from the isolated protist cells
(shown in parentheses) (Table 2).

quences were determined with the primer EUB750R (18). Based on a compar-
ison of the partial sequences, clones with >97% nucleotide identity were sorted
into phylotypes. A representative clone of each phylotype that overlapped the
two clone libraries was selected, and its complete nucleotide sequence was
determined. Inserts of the clones derived from the protist cells collected by
micromanipulation were PCR amplified and digested with either Hhal or Haelll.
Representative clones showing identical restriction patterns were selected, and in
each instance, the complete nucleotide sequence was determined. Plasmid DNA
was prepared using a Minipreps DNA purification kit (Promega) and then used
as the template for the sequencing reaction. Nucleotide sequences were deter-
mined using an ABI PRISM Big Dye Terminator Cycle-Sequencing Ready
Reaction kit (PE-Applied Biosystems) and an automatic sequence analyzer (ABI
3700). Complete sequences were determined using the sequencing primers de-
scribed previously (18).
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Chimera check. Presumptive chimeric artifacts from the PCR were intensively
searched for as follows. First, we analyzed the sequences with the CHIMERA
CHECK program offered through the Ribosomal Database Project (15). We
then analyzed putative secondary structures of the sequences by overlaying them
on the secondary structure of Treponema pallidum 16S rRNA and checking for
base pair compatibility of the regions. Signature nucleotides proposed by Paster
et al. (25) and Lilburn et al. (14) were also checked to screen for chimeras. We
independently examined the phylogenetic affiliations of the 5'- and 3’-end frag-
ments of approximately one-third of the entire length of 16S rDNA and com-
pared the affiliations of each with the other’s length and with those based on the
entire sequences. Finally, for each clone belonging to an identical phylotype but
deriving from a different clone library, partial nucleotide sequences correspond-
ing to the 5'- and 3’-end regions were determined using the primers EUB750R
and EUBY00F (18), respectively. This was done to confirm the significant se-
quence similarity of the phylotype with the complete sequence of the clone
representing the phylotype in both DNA regions.

Phylogenetic analysis. Sequence data used to infer a phylogenetic tree were
retrieved from the databases (see Fig. 3 for accession numbers). The sequence
data were aligned using the CLUSTAL W package and checked manually.
Phylogenetic relationships were inferred using the PHYLIP package, as de-
scribed previously (18).

In situ hybridization. In situ hybridization was performed according to the
method of Ohkuma et al. (23) with slight modifications. The gut contents were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 4 h at 4°C
and then washed in PBS. The fixed cells were spotted onto a silane-coated glass
slide (Matsunami Glass), air dried, and treated with 0.25 N HCI at room tem-
perature for 30 min. The specimen was then washed twice with PBS, air dried,
and sequentially dehydrated in 50, 80, and 100% ethanol. The hybridization
solution (0.9 M NaCl, 0.1 M Tris-HCI) with fluorescently labeled probes was then
applied, sealed in an incubation chamber (CoverWell; Grace Bio-Labs), and
incubated for 3 h at 48°C. The specimen was washed for 15 min in washing buffer
(0.2 M NaCl, 0.1 M Tris-HCI) at 48°C. It was then mounted in 90% glycerol with
0.5% triethylenediamine and observed with an Olympus epifluorescence micro-
scope (BX-60) and a Leica confocal laser scanning microscope (TSC-SP).

The previously reported probes used in this study were EUBAC, TT-484V3,
and TT-1248V8 (9). EUBAC binds to most eubacterial cells and was labeled at
the 5" end with Texas Red and used as the control for the permeability of the
cells. The target sequences of TT-484V3 and TT-1248VS are conserved for most
sequences of the spirochetes in termite Treponema cluster II. These two probes
were labeled at the 5" end with 6-carboxyfluorescein (6-FAM) and were always
used simultaneously. A new probe (TTI-732) against the conserved sequence
among spirochetes of termite Treponema cluster 1 was newly designed in this
study. Its sequence is 5'-CTCAGCGTCAGTCATTGGCT-3'. The probe was
labeled at the 5" end with either Texas Red or 6-FAM. No difference in binding
affinity was observed between the two fluorescent labels. Based on the sequence
comparison, fluorescently labeled probes specific for the phylotypes were also
designed in this study. Their sequences are as follows: Dev1-486, 5'-TCTCGG
TCATTTCCTACCGG-3"; Dev14-486, 5'-ACGGTCATTACCTACCATGC-3';
Dev14-Tp652, 5'-CCTCCTAGACTCGAGCTCA-3'; Oxy8-Tp444, 5'-CCGCTT

TABLE 1. Sorting of spirochete 16S rDNA clones from isolated protist cells into phylotypes

. No. of clones No. of Representative clone? Identical phylotype from
Isolated protist analyzed phylotypes lE(,no. of clones”) wh%lg gu}g'J

Devescovina sp. 31 2 NkS-Devl1 (28) NkS93
NkS-Dev14 (3) NkS4

Stephanonympha sp. 25 3 NkS-Ste2 (15) NkS4
NkS-Stel (6) NkS93
NkS-Ste9 (4) (NkS56)4

Oxymonas sp. 27 6 NkS-Oxy8 (11) NkS21
NkS-Oxy26 (7) NkS56
NkS-Oxy1 (4) -
NkS-Oxy3 (2) NkS97
NkS-Oxy25 (2) NkS9
NkS-Oxy70 (1) NkS4

“ Representative clones were included in the phylogenetic analysis shown in Fig. 3.

> Number of clones that were grouped into the same phylotype as the representative clone.

¢ The identical phylotype that was identified in the spirochete 16S rDNA libraries from the whole gut community of N. koshunensis.

4 The clone NkS-Ste9 had no identical phylotypes in the libraries from the whole gut community but was closely related (96.1% nucleotide identity) to the clone

NKkS56.

¢ The clone NkS-Oxy1 had no close relatives in the libraries from the whole gut community.
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ATTCCTCCGCAATA-3'; and Oxy26-Tp1281, 5'-GCCGGGTTTTTGCGCTT
CG-3'. The probes Dev14-486 and Dev14-Tp652 are specific for phylotype
Dev14 and were used simultaneously for in situ hybridization. These sequence-
specific probes were labeled at the 5’ end with 6-FAM.

Nucleotide seq e accessi bers. The sequences determined in this
study will appear in the nucleotide sequence databases under accession numbers
AB084952 to AB085168.

RESULTS

In situ localization of spirochetes with cluster consensus
probes. In a previous report, the spirochetes in the termite
Treponema cluster 11 were identified as ectosymbionts attached
to the oxymonad protists Dinenympha spp. and Pyrsonympha
sp. in the guts of the termites R. speratus and H. sjoestedti by in
situ hybridization using a cluster II consensus probe (9). In
order to identify the in situ localization of the cluster I spiro-
chetes, we designed a cluster I consensus probe by comparing
the 16 rDNA sequences of the termite gut spirochetes reported
so far. Figure 1 shows the results of in situ hybridizations
labeled simultaneously with the cluster I and cluster II consen-
sus probes. Signals of both probes were observed from the
ectosymbiotic spirochetes on Dinenympha porteri in R. speratus
(Fig. 1, Al to A4) and on Pyrsonympha sp. in H. sjoestedti (Fig.
1, B1 to B4). Overlaying images of both signals (Fig. 1, and A4)
showed that no cell gave a doubly stained signal, confirming
the specificity of both probes. The cluster I consensus probe
also detected populations of spirochetes existing freely in the
gut fluid of both termite species, whereas the cluster II con-
sensus probe rarely detected free-swimming spirochetes.

We also investigated the in situ localization of gut spiro-
chetes in the termites N. koshunensis and C. formosanus, using
the consensus probes for each cluster. Most of the spirochetes
in N. koshunensis attached to the devescovinid protist (De-
vescovina sp.), the calonymphid protist (Stephanonympha sp.),
and the oxymonad protist (Oxymonas sp.) and gave signals with
the cluster I consensus probe. In C. formosanus, ectosymbiotic
spirochetes of a hypermastigote protist, Holomastigotoides
mirabile, also gave specific signals with the cluster I consensus
probe. In both of these termite species, the cluster I consensus
probe detected almost all the spirochete cells that were stained
by the eubacterial universal probe, including the free-swim-
ming cells in the gut fluid. In situ hybridization using the
cluster II consensus probe failed to detect any spirochetes in
either of the termite species, suggesting that cluster II spiro-
chetes were absent in the gut communities.

Spirochetal 16S rDNA clones and their phylogeny. In order
to address the phylogenetic diversity of the gut spirochetes in
N. koshunensis, 16S rDNAs were PCR amplified from the gut
community with a spirochete-specific primer set and cloned.
We constructed two clone libraries from independent PCRs.
Ninety-three and 91 clones in the two libraries were partially
sequenced (500 to 700 bases) and sorted into 32 and 35 phy-

SYMBIOTIC SPIROCHETES OF FLAGELLATES IN TERMITE GUT 629

lotypes, respectively, based on a comparison of sequence iden-
tity. A phylotype represented a group of clones showing >97%
identity, which probably reflected a species level classification.
A total of 45 phylotypes were obtained, and 22 phylotypes were
common to the two libraries (Fig. 2). These 22 phylotypes
included 80 clones (86%) and 73 clones (80%) from the re-
spective libraries, suggesting that they represented the pre-
dominant spirochete species in the gut.

We specifically identified the 16S rDNA sequences of the
ectosymbiotic spirochetes on the three protist species in the
gut of N. koshunensis. Each protist species was carefully iso-
lated with the aid of a micromanipulator and used as a tem-
plate for PCR. The clones of the amplified 16S rDNA were
sorted into groups based on the comparison of their restriction
fragment patterns, and representatives were selected to deter-
mine the nucleotide sequences. Two, three, and six phylotypes
were identified from the fractions of Devescovina sp., Steph-
anonympha sp., and Oxymonas sp., respectively (Table 1).

The entire nucleotide sequences of the 22 16S rDNA phy-
lotypes common to the two libraries from the whole gut com-
munity and a total of 11 phylotypes from the three protists
were determined. No chimerical trait was detected in these
sequences even after careful inspection (see Materials and
Methods). The authenticity of the sequences was also sup-
ported by the sequence analysis of at least one additional clone
that belonged to the identical phylotype group but was derived
from the other library, because identical chimeras in the inde-
pendent PCRs were not expected.

Phylotypes NkS-Dev14, NkS-Ste2, and NkS-Oxy70 showed
>99% sequence identity to one another. Phylotypes NkS-Dev1
and NkS-Stel, as well as NkS-Ste9 and NkS-Oxy26, also
showed sequence identities of 97.0 and 95.4%, respectively, to
each other. These relationships indicated that closely related
spirochetes were common in the fractions of different protist
species. The phylotypes obtained from the protist ectosymbi-
onts were close relatives of the phylotypes from the whole gut
community (Fig. 3). The phylotype NkS-Oxyl, which had no
close relatives among the 22 common phylotypes in the two
libraries, had a corresponding clone in only one of the two
libraries. Among the phylotypes from the whole gut commu-
nity, the phylotypes that corresponded to NkS-Dev14, NkS-
Oxy26, and NkS-Oxy8 (NkS4, NkS56, and NkS21, respectively)
consisted of abundant clones (Fig. 2), suggesting that these
phylotypes represented the dominant spirochete population in
the gut community. However, the PCR usually introduced
some biases, so this result is not definitive.

Figure 3 shows the phylogeny of the phylotypes from N.
koshunensis. All the phylotypes except one (clone NkS34) were
grouped together and affiliated with cluster I. The grouping
was supported by a significant bootstrap value of 94%. The one
exception, phylotype NkS34, was grouped with the genus Spi-

FIG. 3. Phylogenetic tree of 16S rDNA sequences of the gut spirochetes in N. koshunensis. The tree was inferred by the neighbor-joining
method. Bootstrap values above 50 from 100 resamplings are shown for each node. The scale bar represents 0.05 nucleotide substitutions per
position. The termite Treponema clusters I and II are indicated at the right of the tree. The database accession numbers are shown after the names
of the clones and organisms. Genus abbreviations: 7., Treponemas S., Spirochaeta. The sequences of Leptonema illini and Leptospira noguchii were
used as outgroups. The four vertical bars indicate the sequences for which the cells of origin were identified by in situ hybridization.
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FIG. 4. Detection by in situ hybridization of spirochetes attached to
the gut protists Devescovina sp. and Stephanonympha sp. (Al and B1)
Epifluorescent images with probes specific for phylotypes NkS-Devl
(Dev1-486) and NkS-Dev14 (Dev14-486 and Dev14-Tp654), respec-
tively. (A2 and B2) Epifluorescent images with the eubacterial univer-
sal probe (EUBAC). Note that rod-shaped (nonspiral) bacteria are
also attached to the cells of Devescovina sp. (A3 and B3) Differential
interference contrast micrographs. The protist species are labeled as D
(Devescovina sp.) and S (Stephanonympha sp.). Bars, 20 pm. The
arrowheads indicate the anterior parts of the protist cells.

rochaeta, although the grouping was not supported statistically.
The sequence of a clone from a termite gut (Za29, published
only in the databases under accession AJ419823) was closely
related to that of the clone NkS34. No cluster II phylotypes
were obtained from N. koshunensis. Even after including the
partial sequences of 45 phylotypes in the phylogenetic analysis,
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we still could not detect cluster II spirochetes (data not
shown). Within cluster I, the phylotypes from N. koshunensis
showed remarkable diversity, suggesting the presence of nu-
merous spirochete species in the gut community. Although the
branching orders in cluster I were not fully resolved, the phy-
lotypes obtained from the protists formed distinct lineages.

In situ identification of ectosymbiotic spirochetes. We de-
signed oligonucleotide probes to target the phylotypes NkS-
Dev14, NkS-Devl, NkS-Oxy26, and NkS-Oxy8 for in situ iden-
tification of ectosymbiotic spirochetes. As a single probe gave
only a weak hybridization signal for the phylotype NkS-Dev14,
two kinds of probes were used simultaneously. Figure 4 shows
the results of in situ hybridization using the NkS-Dev1-specific
probe and the NkS-Dev14-specific probes. The NkS-Dev1-spe-
cific probe and the NkS-Devl14-specific probes gave a strong
signal in the ectosymbiotic spirochetes on Devescovina sp. and
Stephanonympha sp., confirming that the spirochete species
represented by these phylotypes were indeed ectosymbionts of
the gut protists. The ratios of specific ectosymbiotic spirochete
cells were significantly different in the two protist species (Ta-
ble 2). Approximately twice as many cells were detected by the
NkS-Devl probe as by the NkS-Dev14 probes for spirochetes
on Devescovina sp. Conversely, for Stephanonympha sp., the
number of cells detected with the NkS-Devl probe was about
half of that detected by the NkS-Devl4 probes. The NkS-
Oxy26-specific probe, which also recognized the sequence of
the NkS-Ste9 phylotype, sometimes detected a small portion of
the ectosymbiotic spirochete population on Stephanonympha
sp., but this probe did not detect any ectosymbionts of Devesco-
vina sp.

Of the six phylotypes detected from the Oxymonas sp. frac-
tion in the clone analysis, two were confirmed as ectosymbiotic
spirochetes by in situ hybridization (Fig. 5). The probe specific
for the NkS-Oxy8 phylotype, which represented the most abun-
dant clones from Oxymonas sp., detected ectosymbionts dis-
tributed over the entire surface of the cell. The NkS-Oxy26
probe also detected ectosymbiotic spirochetes, but many of
them were located at the base of the rostellum, a stalk-like
structure at the tip of which the cell was connected to the gut
epithelium. Neither the NkS-Devl nor the NkS-Dev14 probe
could detect ectosymbionts on Oxymonas sp., although the
clone (NkS-Oxy70) of the NkS-Devl phylotype was obtained
from this protist.

The in situ hybridization using the phylotype-specific probes
for NkS-Devl, NkS-Dev14, NkS-Oxy8, and NkS-Oxy26 gave

TABLE 2. Percentages of populations of ectosymbiotic spirochete cells of Devescovina sp. and Stephanonympha sp. represented by phylotypes
NkS-Devl and NkS-Dev14

Percentage®
Protist
Cluster I/eubacteria NkS-Devl/eubacteria NkS-Devl14/eubacteria NkS-Devl/cluster I NkS-Devl4/cluster I
Devescovina sp. 85 *13 58 =18 3316 65 =17 32x12
Stephanonympha sp. 77 = 8.6 30 =13 55%£9.0 34+ 14 68 + 10

“ Values are percentages (mean * standard deviation [SD]) of numbers of cells detected by the probes for cluster I of spirochetes and for the phylotypes NkS-Devl
and NkS-Dev14 per number of cells detected by the probes for either eubacteria or cluster I of spirochetes. In the case of detection by the probe for eubacteria, only
the cells showing spirochete-like morphology were counted. Five to 22 images from confocal laser scanning microscopy were counted in each case. The mean numbers
(£SD) of cells in an image that were detected by the probes for eubacteria and cluster I of spirochetes were 28 + 15 and 31 * 20 cells, respectively, in the case of
Devescovina sp. and 154 = 74 and 83 * 47 cells, respectively, in the case of Stephanonympha sp. Note that these cell numbers did not correspond to the total number
of ectosymbiotic spirochete cells of each protist species, since only a section of the protist cell imaged by confocal laser scanning microscopy was used for counting.
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FIG. 5. In situ identification of the ectosymbiotic spirochetes on Oxymonas sp. from N. koshunensis. (Al and B1) Epifluorescent images with
probes specific for phylotypes NkS-Oxy8 (Oxy8-Tp444) and NkS-Oxy26 (Oxy26-Tp1281), respectively. The arrowhead in panel Bl indicates the
presence of a dense population of the stained spirochetes. (A2 and B2) Epifluorescent images labeled with the consensus probe for termite
Treponema cluster 1 (TTI-732). (A3 and B3) Differential interference contrast micrographs. The arrowheads indicate cells of Oxymonas sp. Bars,

20 pm.

no signal in the free-swimming spirochetes in the gut of the
termite N. koshunensis.

DISCUSSION

In situ hybridizations using consensus probes for cluster I or
cluster II revealed localization of the gut spirochetes at the
large-cluster level. Identification of the spirochetes possessing
cluster II 16S rDNA sequences as ectosymbionts of gut protists
had been reported previously in the termites R. speratus and H.
sjoestedti (9), whereas free-swimming spirochetes in cluster II
were rare. Conversely, cluster I spirochetes in all four termite
species examined here included both ectosymbionts on protists
and free-swimming spirochetes in the gut fluid. This dual lo-
calization of cluster I spirochetes is not because each species is
present at both localizations but because individual species
inhabit only one of the two distinct locations. It has been
reported that gut methanogenic archaea harbored by gut pro-
tists are phylogenetically distinct from those attached to the

gut epithelium (31). The gut dwellers are not randomly dis-
persed over ecological niches in the termite gut.

The cluster II consensus probe failed to detect any spiro-
chetes in the guts of N. koshunensis and C. formosanus. The
absence of cluster II spirochetes in the gut community was
confirmed by intensive analysis of the spirochete 16S rDNA
clones in N. koshunensis. Only the spirochete 16S rDNA se-
quences belonging to cluster I have been reported from the gut
community of C. formosanus (14). Members of cluster I have
been reported from all the termites examined so far (14, 17,
24), while those of cluster II are restricted to Reticulitermes
flavipes (14), R. speratus, and H. sjoestedti. Only one sequence,
sp40-12 from the termite Mastotermes darwiniensis (3), is some-
what related to cluster II. Since both Reticulitermes and C.
formosanus belong to the termite family Rhinotermitidae, but
H. sjoestedti (Termopsidae) does not, the preference for the
cluster II spirochetes seems to be unrelated to termite evolu-
tion. Although in situ localization of the gut spirochetes has
not yet been investigated in R. flavipes, the cluster II spiro-
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chetes are found attached to the oxymonad in the genera
Dinenympha and Pyrsonympha. Since these genera occur in
Reticulitermes and H. sjoestedti but not in the other termite
species, the presence of cluster II spirochetes may be related to
the presence of these protists in the gut.

The ectosymbiotic spirochetes are considered to be domi-
nant species in the gut spirochete community. In particular, the
three ectosymbiont phylotypes, NkS-Dev14, NkS-Oxy26, and
NkS-Oxy8, corresponded to the abundant phylotypes in the
clone libraries from the whole gut community (NkS4, NkS56,
and NkS21, respectively) (Fig. 2). In fact, the three protist
species harboring these ectosymbiotic spirochetes are the dom-
inant protists in the gut, and individual protist cells of Steph-
anonympha sp. and Oxymonas sp. frequently harbor several
hundred or more spirochete cells. The other protist species
that harbor ectosymbiotic spirochetes in N. koshunensis are
scarce. The surfaces of the protist cells are considered to har-
bor a large proportion of the gut prokaryote cells, as described
previously (1). The two phylotypes represented by the clones
NkSS5 and NkS15 were predominant in the clone libraries, but
they did not correspond to the phylotypes identified from the
gut protists. This is probably because they represent spirochete
populations existing freely in the gut fluid.

Great phylogenetic diversity of the gut spirochetes in N.
koshunensis is revealed in the 16S rDNA clone analysis. A total
of 45 phylotypes are recognized in this termite species alone,
although we determined only a partial sequence for about half
of these phylotypes. An extension of the phylogenetic analysis,
including most of the sequences reported as gut spirochetes of
termites, reveals that the phylotypes identified from N. ko-
shunensis are unique (data not shown). Most of the phylotypes
from N. koshunensis do not show >97% sequence identity to
those from the other termites. The only exception is the phy-
lotype NkS37, which is closely related to the phylotype Gf35
from the termite Glyptotermes fuscus (Kalotermitidae) (17).
The results confirm that termite guts are indeed an enormous
reservoir of novel spirochetes, as proposed previously (14).

The four phylotypes of the ectosymbiotic spirochetes NkS-
Devl, NkS-Dev14, NkS-Oxy26, and NkS-Oxy8 were dispersed
in cluster I of the phylogeny, and they formed completely
distinct lineages. The phylotypes identified from the protist
ectosymbionts but not yet confirmed by an in situ hybridization
experiment also formed lineages distinct from these four phy-
lotypes and from each other (except for phylotype NkS-Ste9,
which is related to NkS-Oxy26). The phylotypes of cluster I
that have been identified from the isolated protists of Dine-
nympha spp. and Pyrsonympha sp., RsDiSp8, HsDiSp319, Hs-
DiSp320, and HsPySp4, in R. speratus and H. sjoestedti were
also distantly related to the phylotypes of the ectosymbiotic
spirochetes in N. koshunensis. This indicates that the ectosym-
biotic spirochetes belonging to cluster I are a polyphyletic
group. For the cluster II ectosymbiotic spirochetes, there are
two distinct lineages, although the two are monophyletic
among the known Treponema species (supported by a 93%
bootstrap value). There seem to be multiple independent ori-
gins of spirochete attachment to gut protists.

Each protist cell was found to harbor multiple ectosymbiotic
spirochete species. At least two spirochete phylotypes were
identified on the three protist species in N. koshunensis. Spi-
rochetes belonging to both clusters I and II were attached to
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cells of Dinenympha spp. and Pyrsonympha sp. in the guts of R.
speratus and H. sjoestedti. Two ultrastructurally distinct mor-
photypes of the attached spirochetes have been reported in a
hypermastigote protist, Joenia annectens (26). The attachment
of multiple species seems to be a common feature among the
spirochete-harboring protists.

It has been noted that common phylotypes are often shared
among the protist species. For Devescovina sp. and Steph-
anonympha sp., the two phylotypes NkS-Devl and NkS-Dev14
are common ectosymbionts. The NkS-Oxy26 phylotype, which
is abundant on Oxymonas sp., is also occasionally found on
Stephanonympha sp. A common phylotype in cluster I, repre-
sented by either HsPySp4 or HsDiSp320, has been identified
from Pyrsonympha sp. and Dinenympha sp. in H. sjoestedti (9).
One can presume that, among free-swimming spirochetes in
cluster I, some species that are able to attach to protist cells
have emerged, probably several times during their evolution,
and within the gut microbial community they have established
ectosymbiotic relationships with multiple protist species. How-
ever, the NkS-Devl and NkS-Devl14 phylotypes were never
found on Oxymonas sp., and the NkS-Oxy8 phylotype attaching
to Oxymonas sp. did not occur on Devescovina sp. or Steph-
anonympha sp. Hence, at least some specificity to the host
protist is present. Furthermore, for D. porteri and Pyrsonympha
sp., the ectosymbiotic phylotypes are somewhat related (Rs-
DiSp8 and HsPySp4, RsDiSp9 and HsPySp1, and RsDiSp1 and
HsPySp15, respectively), even though these two protists in-
habit evolutionarily distant termites, R. speratus and H. sjoest-
edti. The phylogenetic relationships of these ectosymbiotic spi-
rochetes suggest that they have not coevolved with their host
termites but rather with their host protists. Although the pro-
tist genera Oxymonas, Dinenympha, and Pyrsonympha belong
to the order Oxymonadida, the last two are more closely re-
lated to each other than to Oxymonas, since they are in the
family Pyrsonymphidae while Oxymonas is in the family Oxy-
monadidae (33). The apparent restriction of cluster II spiro-
chetes to pyrsonymphids is consistent with the evolutionary
divergence of that family from the other oxymonads. Never-
theless, the establishment and evolution of ectosymbiosis on
the cell surface of gut protists are considered to be complex.

Most of the spirochetes represented by the NkS-Oxy26 phy-
lotype are found on a restricted portion of the surfaces of
Oxymonas sp. cells. D. porteri protists in R. speratus often har-
bor a dense population of cluster I spirochetes on the posterior
end of the cell, which was revealed by in situ hybridization
(data not shown). For the protist H. mirabile in the termite C.
formosanus, ectosymbiotic spirochetes in cluster I occur on
only the posterior surface, although their corresponding phy-
lotypes have not yet been identified. These features evoke a
specific association between the cellular organization of the
protists and the function of the spirochetes. These apparent
preferences of some spirochetes for attachment sites are in
contrast to the lack of site specificity of the NkS-Oxy8 phylo-
type, which is distributed over the entire surface of its host,
Oxymonas sp. Spirochetes on Pyrsonympha sp. in H. sjoestedti
attach to the entire cell surface, and both clusters I and II of
the spirochetes occur randomly. While most of the ectosymbi-
otic spirochetes occur on the anterior surfaces of Devescovina
sp. and Stephanonympha sp., each detected phylotype seemed
to disperse randomly. For the latter species, the spirochetes
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were interspersed with the flagella of the protist, and they were
also found on the posterior surfaces of several cells. No rela-
tionship was found between the phylogenetic positions of the
phylotypes and their preference for attachment sites. For ex-
ample, two phylogenetically different phylotypes, NkS-Oxy26
and RsDiSp8 (a unique cluster I phylotype identified from D.
porteri), mainly localize in restricted regions of the protists’ cell
surfaces. The phylotypes NkS-Oxy8 and HsPySp4 are also dis-
tantly related, but they are distributed randomly on the sur-
faces of the protists.

This study highlights the complexities of diversity, host spec-
ificity, preference for attachment site, and evolution of the
ectosymbiotic spirochetes associated with gut protists in ter-
mites. In order to understand the real nature of this ectosym-
biosis, further research is needed to investigate the functions
or roles of individual spirochetes toward their hosts. Further
studies of the phylogenetic and in situ identification of the
ectosymbiotic spirochetes on diverse protist species are neces-
sary to more fully understand their evolution. The culture-
independent approaches described in this study would be ad-
vantageous not only for this purpose but also to investigate the
structure of the microbial community in the termite guts, since
a wide variety of protist-prokaryote associations have been
observed in the gut community.
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