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Phylogenetic Position of the Spirochetal Genus Cristispira
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Comparative sequence analysis of 16S rRNA genes was used to determine the phylogenetic relationship of
the genus Cristispira to other spirochetes. Since Cristispira organisms cannot presently be grown in vitro, 16S
rRNA genes were amplified directly from bacterial DNA isolated from Cristispira cell-laden crystalline styles of
the oyster Crassostrea virginica. The amplified products were then cloned into Escherichia coli plasmids.
Sequence comparisons of the gene coding for 16S rRNA (rDNA) insert of one clone, designated CP1, indicated
that it was spirochetal. The sequence of the 16S rDNA insert of another clone was mycoplasmal. The CP1
sequence possessed most of the individual base signatures that are unique to 16S rRNA (or rDNA) sequences
of known spirochetes. CP1 branched deeply among other spirochetal genera within the family Spirochaetaceae,
and accordingly, it represents a separate genus within this family. A fluorescently labeled DNA probe designed
from the CP1 sequence was used for in situ hybridization experiments to verify that the sequence obtained was

derived from the observed Cristispira cells.

Cristispira cells are large spirochetes found in a specific eco-
logical niche, primarily in the crystalline style of bivalve mol-
lusks (4, 9, 16, 18, 24). The crystalline style is a long, tapered,
gelatinous rod that aids in the digestion of food particles.
Cristispira organisms were first observed from digestive tracts
of oysters over 100 years ago (5). Because of the large size (1
to 3 um by 30 to 180 wm) of the helical organism, it was first
mistakenly identified as a trypanosome. Electron microscopy
studies later confirmed that Cristispira cells possess the ultra-
structural features typical of spirochetes, i.e., periplasmic fla-
gella encompassed by an outer sheath (16, 24, 29). Cristispira
organisms differ from most other known spirochetes in that
they have a bundle of hundreds of periplasmic flagella, the
so-called “crista,” that wraps around the cell (4).

By comparison of the sequences of 16S rRNA or the genes
coding for 16S rRNA (rDNA), the spirochetes are divided into
two major phylogenetic groupings (7, 10, 21). The first group-
ing, which corresponds to the family Spirochaetaceae, contains
species of the genera Treponema, Spirochaeta, Borrelia, Serpu-
lina (and Brachyspira), and Brevinema. The second grouping,
which corresponds to the family Leptospiraceae, contains spe-
cies of the genera Leptospira and Leptonema. However, the
phylogenetic relationship of the genus Cristispira to these other
spirochetes is unknown, primarily since it cannot be grown in
vitro.

The phylogenetic identity of organisms that cannot be cul-
tivated can be determined by sequencing of cloned 16S rRNA
genes that are amplified directly from environmental samples
(8, 19). These procedures have been used to deduce the iden-
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tity of many unknown cultivable and not-yet-cultivable bacte-
rial species from free-living and host-associated sources (2, 3,
6, 13, 20, 27, 30). In this study, similar techniques were utilized
to determine the phylogenetic position of the genus Cristispira.
In situ hybridization experiments with a fluorescently labeled
oligonucleotide probe were then used to verify that the cloned
16S rRNA gene was derived from Cristispira-like organisms
present in crystalline style material.

(A preliminary report on the phylogeny of the genus Cris-
tispira was previously reported [22].)

MATERIALS AND METHODS

Isolation of bacterial DNA. Crystalline styles were removed from oysters
(Crassostrea virginica) that were freshly harvested by commercial fisherman at
Woods Hole, Mass. Intact styles were placed into 1-ml samples of sterile-filtered
seawater in ampoules and frozen immediately in liquid nitrogen. The samples
were maintained frozen at —70°C until use. Bacterial DNA was extracted by
suspension of a crystalline style laden with Cristispira cells (as determined by
phase-contrast microscopy) in 200 pl of buffer (10 mM Tris-HCI [pH 8.3], 2.5
mM MgCl,, 50 mM KCl)-10 pl of 20% sodium dodecyl sulfate (SDS)-200 pl of
phenol. Approximately 0.1 ml of 0.1-mm-diameter acid-washed glass beads was
then added to the suspension. The sample was shaken for 4 min with a
Minibeater apparatus (Biospec Products, Bartlesville, Okla.) and then centri-
fuged for phase separation. DNA was precipitated with cold absolute ethanol
and dissolved in 100 wl of TE buffer (10 mM Tris-HCI, 1 mM EDTA [pH 8.0]).
One microliter was used for PCR mixtures.

16S rRNA gene amplification. Universally conserved bacterial primers were
used for amplification. These primers contained Sall and BamHI restriction sites
(32) which facilitated the cloning experiments described below. Conditions for
gene amplification consisted of 30 cycles at 94°C for 1 min, 42°C for 2.5 min, and
heating to 72°C for 3 min. The PCR products were separated on a 0.8% agarose
gel. The band of the correct size (approximately 1,500 bp) was eluted with
Gene-Clean (Bio 101, Inc., Vista, Calif.).

Cloning protocol. PCR products were digested overnight and were ligated into
a pGEM-4 vector (Promega, Madison, Wis.), followed by transformation of
Escherichia coli HB101 cells. Clones were grown overnight on ampicillin plates.
Plasmid DNA was recovered by a modified alkaline lysis procedure as previously
described (26).

Sequencing and analysis of data. Spirochetal 16S rDNA inserts were se-
quenced by the Sanger dideoxy chain termination technique with Sequenase
(U.S. Biochemical Corp., Cleveland, Ohio). Programs for entry of data, editing,
sequence alignment, secondary structure comparison, similarity matrix genera-
tion, and phylogenetic tree construction were written in Microsoft QuickBASIC
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TABLE 1. Similarity matrix

% Similarity and % difference compared with®:
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Treponema pallidum 90.8 89.0 837 819 840 825 837 824 82 8.6 770 804 797 796 791 765 711 710 764 757 769
Treponema phagedenis 9.8 931 854 819 862 843 836 827 828 89 778 795 7186 790 786 777 781 781 765 755 765
Treponema denticola 1.8 72 86.1 815 86.0 844 828 819 823 8.0 772 800 790 797 793 769 778 778 759 761 7T6.1
Treponema bryantii 183 163 153 852 883 84.0 821 8.0 8.5 8.1 750 812 803 798 796 756 715 714 770 754 759
Treponema succinifaciens 20.7 208 212 165 840 832 8.0 783 793 793 70.6 754 748 738 737 763 737 737 756 7377 744
Treponema pectinovorum 18.0 152 155 127 180 863 828 818 805 795 750 80.0 791 789 784 762 760 757 7157 746 740
Treponema saccharophilum 200 176 175 179 190 152 80.2 802 795 797 735 772 768 767 766 754 753 755 73.7 734 721
Spirochaeta aurantia 184 185 195 205 232 195 230 852 8.6 8.0 776 831 824 815 812 710 765 763 716 781 785
Spirochaeta litoralis 201 19.7 207 206 256 208 229 165 86.7 857 791 8.6 819 819 817 778 760 760 715 716 714
Spirochaeta halophila 204 195 202 199 242 226 239 159 147 876 781 818 817 814 81.0 783 789 788 774 719 7183
Spirochaeta bajacaliforniensis 185 19.5 193 204 243 239 236 167 158 13.6 789 824 821 811 807 780 773 774 788 789 79.4
Cristispira clone CP1 275 203 272 305 373 304 327 266 245 259 248 792 782 794 792 742 735 735 735 740 737
Borrelia anserina 227 240 233 217 298 233 271 192 198 208 200 244 985 965 96.0 762 762 761 758 718 717
Borrelia hermsii 237 252 246 228 307 244 277 200 208 209 204 257 15 9.6 960 754 752 751 748 763 763
Borrelia burgdorferi 23.8 247 236 235 322 248 278 212 207 214 217 241 36 34 989 758 759 756 749 773 768
Borrelia rabbit sp. 245 252 242 238 324 255 280 217 210 219 223 243 41 41 1.1 751 757 754 743 767 762
Brevinema andersonii 282 265 276 296 285 287 298 274 263 256 260 316 286 298 292 303 751 752 758 758 5.7
Serpulina hyodysenteriae 273 259 263 268 324 289 299 282 290 248 271 326 286 302 291 294 303 995 758 759 755
Serpulina innocens 274 259 264 269 324 293 297 285 289 249 269 326 288 303 295 298 301 05 762 759 757
Leptonema illini 283 281 29.0 275 295 294 323 266 268 269 250 327 292 307 305 315 292 293 286 82.1 841
Leptospira biflexa 293 29.6 288 299 324 31.0 328 259 267 262 247 320 264 284 270 279 293 290 29.0 204 89.5
Leptospira interrogans 27.7 283 288 291 313 320 348 254 269 257 241 324 264 285 278 286 294 297 293 178 114

“ Numbers above the diagonal represent percentages of similarity and those below the diagonal are percentages of difference corrected for multiple base changes.
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for use on IBM PC-AT and compatible computers. Our sequence database
contains approximately 500 sequences determined in our laboratory and 400
published sequences from other laboratories. We also have access to the Ribo-
somal Database Project (Urbana, Ill. [14]), which currently contains about 3,000
bacterial 16S rRNA sequences. Similarity matrices were constructed from
aligned sequences by using only those sequence positions for which data were
shown for 90% of the strains. Similarity matrices were corrected for multiple
base changes by the method of Jukes and Cantor (11). The neighbor-joining
method of Saitou and Nei (25) was used for phylogenetic tree construction.

Fixation of bacterial cells for in situ hybridization experiments. Cells were
fixed in 3% paraformaldehyde as previously described (28) and kept at —20°C in
storage buffer (50% ethyl alcohol, 10 mM Tris [pH 7.5], 0.1% Nonidet P-40) until
use.

Oligonucleotide probes. A Cristispira-specific DNA probe, designated as probe
CP1, was designed from the 16S rRNA sequence data. The probe had the
sequence 5’ GTACGATTCGCTTGACCTCTC-3’ (corresponding to base posi-
tions 1268 to 1285 according to the E. coli numbering system). The specificity of
the probe was tested by use of the CHECK-PROBE program at the Ribosomal
Database Project (14) against the ribosomal database (release 3.1) and our own
database of ribosomal sequences. In addition, a probe targeting most of the
bacterial domain, Eub338 (28), was used as a universal probe. Probe CP1 was
labeled at the 3’ end with fluorescein during the synthesis of the oligonucleotide
(23). Probe Eub338 was labeled by synthesis of the oligonucleotide with a 5'-
aminolinker (Aminolink 2; Applied Biosystems, Foster City, Calif.) which sub-
sequently was used as a coupling substrate for lissamine-rhodamine B-sulfonyl
chloride (Molecular Probes, Eugene, Oreg.). The oligonucleotides were subse-
quently purified by reverse-phase liquid chromatography as previously described
(12).

Whole-cell hybridization. Samples were spotted onto six-well Teflon slides
coated with poly-L-lysine (Sigma Chemical, St. Louis, Mo.) and hybridized by
addition of 10 pl of hybridization solution (100 mM NaCl, 50 mM NaPO, buffer,
0.1% SDS, 5 mM EDTA, 25 ng of each probe) to each well. The slides were kept
in a humid chamber for 16 h at 37°C (1). The slides were rinsed in H,O,
incubated in 100 ml of prewarmed washing solution (100 mM NaCl, 50 mM
NaPO, buffer, 0.1% SDS, 5 mM EDTA) for 15 min at 37°C, rinsed in distilled
water, and air dried. Prior to microscopic analysis, the slides were mounted in
Citifluor (Citifluor Ltd., London, United Kingdom).

Microscopy and image analysis. An Axioplan epifluorescence microscope
(Carl Zeiss) was used to visualize the cells. The microscope was equipped with a
100-W mercury burner. Filter sets 10 and 15 (Carl Zeiss) were used to visualize
fluorescein and lissamine-rhodamine B, respectively, and a narrow-bandpass
filter (BP 590/10) (Oriel Corp., Stratford, Conn.) was used in combination with
filter set 15. For differential interference contrast and fluorescence microscopy,
a X63/1.25 Plan Neofluor (Carl Zeiss) oil objective was used. The microscope
was fitted with a slow-scan charge-coupled-device camera for capturing digitized
images. The charge-coupled-device camera was a CH250 camera (Photometrics,
Tucson, Ariz.) with a KAF 1400 chip (pixel size, 6.8 by 6.8 wm) operated at
—40°C and read out in 12 bits (4,096 intensity levels) at a rate of 200 kHz. The
integration times for the charge-coupled-device camera were 1 and 4 s for the
fluorescein and lissamine-rhodamine B, respectively. For image analysis, the bit
range of interest was linearly scaled to 8 bit files in PMIS software (version 2.11;
Photometrics) and exported to Photoshop (Adobe) for final analysis. A disk
operating system-based 486 computer was used as a controller for the charge-
coupled-device camera, and a Macintosh Quadra 950 was used to run Photoshop.

Nucleotide sequence accession number. The 16S rRNA gene sequence of
Cristispira clone CP1 is available for electronic retrieval from the EMBL, Gen-
Bank, and DDBJ nucleotide sequence databases under accession number
U42638. The accession numbers of other spirochetal sequences that were used
for phylogenetic analysis have been previously published (7, 10, 21).

RESULTS AND DISCUSSION

Nearly complete sequences of the 16S rRNA gene fragments
of two of the clones were determined. The sequence of one
clone (1,491 bases), designated CP1, was clearly spirochetal. It
possessed most of the individual base signatures that are
unique to the 16S rRNA sequences of known spirochetes (7,
21). A similarity matrix of these sequences is shown in Table 1.
A dendrogram constructed from these data is shown in Fig. 1.
On the basis of percent similarity, CP1 branched deeply among
other spirochetal genera of the family Spirochaetaceae, and it
clearly represents a separate genus. These results denote the
first evidence that the genus Cristispira is genetically related to
other spirochetes.

The sequence of the 16S rRNA insert of the other clone
represented a putative new species of the genus Mycoplasma.
The new species was most closely related to Mycoplasma mo-
bile (31), a species isolated from fish. It was not surprising that
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FIG. 1. Phylogenetic position of Cristispira clone CP1. The dendrogram was
constructed from 1,410 base comparisons. The scale bar represents a 10% dif-
ference in nucleotide sequence as determined by measurement of the lengths of
horizontal lines connecting two species.

mycoplasmas were detected by the procedures used in this
study. Typically, the only bacteria observed in crystalline style
contents are the genus Cristispira and, often, “Spirillum ostrea,”
a narrow spirillum with tufts of flagella inserted at each end
(16, 18) (although “S. ostrea” was not observed in the styles
used for this study). Because of the small size of mycoplasmas,
they would not be visible by light microscopy. However, uni-
dentified mycoplasmas have been observed in electron micro-
graphs of crystalline style contents (15). Since a major compo-
nent of the crystalline style is lysozyme (17), the environment
would select for lysozyme-resistant organisms, including the
cell wall-less mycoplasmas.

Probe CP1 hybridized only with Cristispira-like organisms
observed in crystalline style preparations (Fig. 2, right panel).
Cells that hybridized with the CP1 probe were loosely coiled
and measured approximately 1 by 30 um (Fig. 2). However, the
rhodamine-labeled Eub338 probe did not hybridize with Cris-
tispira cells. Closer examination of the sequence of CP1 indi-
cated that the target region for the Eub338 probe had a 4-base
mismatch. These base changes are uncommon in sequences of
most species of the bacterial domain (14). Consequently, it was
not surprising that the Eub338 probe did not hybridize with
Cristispira cells. Since no other bacteria were observed in the
microscopic field (Fig. 2, left panel), hybridization was not
detected (thus, a figure was not included). In a separate study,
probe Eub338 did hybridize with bacteria including not-yet-
cultured spirochetes from the guts of termites (20). The in situ
hybridization results indicated that the amplified DNA from
crystalline style material was indeed derived from the observed
Cristispira cells.

Although the genus Cristispira has resisted in vitro cultiva-
tion for over 100 years, we demonstrated that this large spiro-
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FIG. 2. In situ hybridization of Cristispira-like organisms in crystalline style material. The micrographs display the same viewing area visualized by differential
interference contrast microscopy (left panel) and fluorescence microscopy (right panel). In the right panel, in situ hybridization with the CP1 probe labeled with
fluorescein verified that the sequence obtained was derived from the observed Cristispira cells. Bar, 20 wm.

chete represents a genus separate from other known spiro-
chetal genera within the family Spirochaetaceae. However,
additional studies will be necessary to determine whether more
than one species of the genus Cristispira is present in C. vir-
ginica and whether additional species of the genus Cristispira or
other genera of Cristispira-like spirochetes are present in the
crystalline styles and digestive tracts of other mollusks.
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