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An 846-bp cryptic plasmid has been discovered in the hyperthermophilic bacterium Thermotoga sp. strain
RQ7. This is the first plasmid described for an organism from this ancient bacterial lineage and the smallest
plasmid described to date for any organism. Nucleotide sequencing revealed a single open reading frame
possibly encoding a 25,460-Da basic protein (212 amino acids). Upstream of the putative promoter lie five
11-bp direct repeats, each separated by 1 to 4 bp, while between the promoter and the open reading frame lies
an 11-bp palindromic sequence. Its mode of replication is unknown, but its sequence bears similarities to those
of plasmids which replicate by a rolling-circle mechanism.

Species of the genus Thermotoga are among the most slowly
evolving organisms belonging to the domain Bacteria (1).
Analyses of 16S rRNA gene sequences demonstrate that
members of the order Thermotogales diverged prior to the
emergence of all bacterial lineages except the Aquifex lineage
(4). During our search for a cloning vector for Thermotoga
species, we discovered a miniplasmid only 846 bp in size in
Thermotoga sp. strain RQ7. This is the smallest replicon so far
described for any organism. Basic replicons (miniplasmids)
encoding only the minimal information necessary for their
replication are typically 1.3 to 5 kp (8, 12). This plasmid is
much smaller than those previously described yet is stably
maintained in its host. The minimal genetic information nec-
essary for stable plasmid replication includes at least one origin
of replication and frequently one or more Rep (replication)
proteins (12). On the basis of the sequence of this plasmid, we
postulate the existence of a Rep protein and speculate as to the
origin of replication upon which it acts.
Members of the genus Thermotoga are strict anaerobes that

ferment carbohydrates and grow at temperatures of up to
90°C. They are found in geothermal environments around the
world. The phylogenetic position of Thermotoga species makes
them an attractive subject for comparative analyses. Although
they are bacteria, their physiology is similar to those of
thermophilic archaea such as Pyrococcus and Thermococcus
species which appeared early in archaeal evolution (2). As
such, Thermotoga species can serve as an important benchmark
for tracing the progress of bacterial evolution and in under-
standing the events that gave rise to the division between
bacteria and archaea.

Plasmid isolation. During the preparation of chromosomal
DNA from a number of Thermotoga isolates by cesium chlo-
ride gradient centrifugation, extrachromosomal DNA was ob-
served. One of these preparations, from Thermotoga sp. strain
RQ7, yielded a diffuse extrachromosomal band following aga-
rose gel electrophoresis. This band migrated to a position just
above that where RNA typically migrates. When DNA was
isolated from this strain by an alkaline lysis miniprep method
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(9) and analyzed by gel electrophoresis, two bands were
observed (Fig. 1). The upper (more slowly migrating) band was
often barely visible in ethidium bromide-stained gels (Fig. 1).
The yield of total plasmid DNA was typically about 1 pLg of
DNA from a minipreparation of a 20-ml overnight culture
(approximately 5 x 109 cells). This suggests that each cell
contains on average a minimum of 200 copies of the plasmid.
We tested a number of restriction endonucleases with 4- and

6-bp recognition sites for the ability to digest the plasmid.
EcoRV and Hindlll were among the few enzymes capable of
digesting the plasmid, but Hindlll failed to do so reproducibly.
The digested plasmid migrated as a single band to a position
between the two bands of the minipreparations (Fig. 1). The
digest band migrated to a position indicating that it contained
DNA of approximately 850 bp.

Cloning and sequencing pRQ7. To clone the plasmid for
sequencing, plasmid DNA was isolated by an alkaline lysis
miniprep method (9). This DNA was digested with EcoRV,
and the linearized plasmid was ligated to EcoRV-digested
pBluescript KS+ (Stratagene Cloning Systems, La Jolla, Ca-
lif.). Plasmid preparations from the resulting white colonies
were examined electrophoretically for the presence of a vector
containing an insert (Fig. 1). One of these, pOH19, was used
for further analyses.
To examine whether the DNA cloned into pOH19 was

pRQ7 or was derived from the chromosome of strain RQ7 and
to assess the distribution of pRQ7 among other Thermotoga
strains, we prepared a hybridization probe from the cloned
insert of pOH19 and probed a nylon membrane containing
chromosomal DNA and DNA obtained from the miniprepa-
ration procedure from four Thermotoga isolates (Fig. 2).
Chromosomal DNAs were digested with EcoRI, which does
not cut pRQ7. The probe hybridized only with DNA from
strain RQ7, which migrated to the same position as pRQ7
DNA. Therefore, the cloned DNA is not a fragment of the
chromosome or any other replicon in strain RQ7. DNA
sharing significant sequence identity with the plasmid does not
appear to be present in the chromosomes of any of the strains
tested, nor do any of the other strains contain pRQ7. Both
bands of DNA isolated from strain RQ7 by the miniprepara-
tion procedure hybridized to the probe. It appears that during
the preparation of chromosomal DNA, the plasmid is found
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FIG. 1. Electrophoretic analyses of pRQ7 and pOH19. DNA sam-

ples were applied to a 1% agarose gel and subjected to electrophoresis
in 1 x Tris-borate-EDTA buffer. DNA was visualized by ethidium
bromide staining. The size marker was a 123-bp ladder (Gibco BRL,
Gaithersburg, Md.). The location of the 861-bp marker is indicated.
The samples are undigested pRQ7 (lane 1), pRQ7 digested with
EcoRV (lane 2), pOH19 digested with EcoRV (lane 3), and pBlue-
script (3.4 kbp) digested with EcoRV (lane 4).

primarily in the form corresponding to the upper band in the
uncut minipreparations.
The plasmid was sequenced by the dideoxy chain termina-

tion method using both fluorescent primers (with a Pharmacia
ALF sequencer at the University of Connecticut Biotechnol-
ogy Center) and radiolabelled primers. Both strands were

sequenced. Although the plasmid was cloned into the vector at
its EcoRV site, the sequence of the plasmid shown in Fig. 3
begins with the first direct repeat for clarity. The plasmid
consists of 846 bp with a G+C content of 40%, which is slightly
below that of chromosomal DNA from other Thermotoga
strains (41 to 45%). Consistent with our experimental obser-
vations, the sequence revealed sites for EcoRV and HindIII
and no sites for EcoRI, Sau3AI, or BamHI. Interestingly, a

single site for SpeI was found. This enzyme cuts the chromo-
somes of Thermotoga neapolitana and Thermotoga manitima
very infrequently (unpublished observations).
DNA sequences were analyzed by using Genetics Computer

Group sequence analysis software and compared with se-

quences in the GenBank (release 72.0), EMBL (release 31.0),
VecBase (release 3.0), PIR-Nucleic (release 32.0), and PIR-
Protein (release 32.0) data bases (5). BLAST analyses were

performed at the National Center for Biotechnology Informa-
tion by using the BLAST network service (3).

Examination of the sequence revealed five direct repeats of
11 bp (GATAAGGNTWW) separated by 1 bp, except the
third and fourth repeats, which are separated by 4 bp. These
repeats are followed by a potential promoter consisting of a
- 35 region (GTGAC) differing from the T. maritima consen-

sus (TTGAC) by one nucleotide and a -10 region (TATAAT)
identical to the consensus sequence (10). Thirty base pairs
downstream from the -10 region are two 11-bp inverted
repeats separated by 6 bp which together could form a

cruciform structure or encode an mRNA with a hairpin loop.
Twelve base pairs further downstream, a sequence encoding a

ribosome binding site contains 11 of 12 nucleotides comple-
mentary to the 3' end of the 16S rRNA of T maritima (1, 6, 10,
14).

All six reading frames were examined, and only one large
open reading frame was found. A second region following the
putative promoter could encode a polypeptide of 20 amino
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FIG. 2. (A) Electrophoretic analyses of plasmids and chromosomal
DNAs. DNA samples were applied to a 0.8% agarose gel and
subjected to electrophoresis in 1 x Tris-borate-EDTA buffer. Frag-
ments of bacteriophage lambda DNA generated by HindIII digestion
were used as size markers (lane H). Sizes (at left) are in kilobase pairs.
Lanes 1 to 4 are identical to those described for Fig. 1. Chromosomal
DNA digested with EcoRI (lanes 5 to 8) and plasmid minipreparations
(lanes 9 to 12) were prepared with DNA from four Thermotoga strains.
Thermotoga sp. strains RQ7 and SG7 were isolated from samples
collected from thermal sites in the Azores and Indonesia, respectively.
T. maritima MSB8 and T. neapolitana NSE have been described
previously (7a, 7b). The lanes contain Thermotoga sp. strain RQ7
(lanes 5 and 9), T. maritima MSB8 (lanes 6 and 10), T. neapolitana
NSE (lanes 7 and 11), and Thermotoga sp. strain SG7 (lanes 8 and 12).
(B) Southern blot analyses of pRQ7. DNA resolved in the gel shown
in panel A was transferred to a nylon membrane (12) and probed with
pRQ7 DNA. Lane numbers correspond to those in panel A. Note that
under the electrophoretic conditions employed for this gel, linear and
one form of uncut pRQ7 migrate to similar positions. The two
fragments are distinct in Fig. 1.
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DR I DR II DR III DR IV DR V

1 GATAAGGGTTACGATAAGGATTATGATAAGGCTTAAGATGATAAGGATTAAGATAAGGTTATGGTGTGACCTATAGGGAA
-10 IR I

81 CACATGGTGCTTATAATATTTAGTAGGGCTCATAATAATGAAACAACCCCGGGTGTACCCACATACACCCGGGGAAAAAT
RBS oriain

161 CCAAAAGAAAGGCGGTGTAACTACCCGATGTCAAAAGAGATTATAACACAAAATAGGGTCGAGCAAGGTTCACTTGATAG
M S K E I I T Q N R V E Q G S L D S

241 TAAATGTCATAAGTCGCCGCTGGCGTCTACAAGGCGAAAAAAGAGATTCTACCAGAGGGCTGTAAGTGGTGTAACTGCTG
K C H K S P L A S T R R K K R F Y Q R A V S G V T A G

EcoR V
321 GTAAGCATAGGAACGAATTTATAGCCTTCCTGACGCTTACCTCTTCATTGGAATCTCCTGCCGATATCACACATAGCTGG

K H R N E F I A F L T L T S S L E S P A D I T H S W
Hind III

401 GAAAAGCTTAAAAAACGAATCCGGAGAAGATATGGTAATTTTGAATACATTTGGTACGGGAACGTACTCAAAGTGGTTTG
E K L K K R I R R R Y G N F E Y I W Y G N V L K V V W

481 GGTGCATATGCATATATTATTTAGAGGACCTTATATTCCCCAAGATTGGATAAGTAAGAATTGGGAAGAGATTCATAAGG
V H M H I L F R G P Y I P Q D W I S K N W E E I H K A

561 CAAAAATCGTTTATGTAGAAGCAGTATGGGACACAGGTAAAGCAATACGATATATGATGAAGTACTTATCAAAGGAGATG
K I V Y V E A V W D T G K A I R Y M|M K Y L S K E M

641 GAAGGAAGATTCGGGTATAGTTGGAAGTGGATTTTCAAAGGGGCTGCGCAAGTGTGGAAGTGGTTATGTAGAGCATTAAG
nE G R F G Y S W K W I F K G A A Q V W K W L C R A L R

721 GTACGAGATGAAAGAGATTATCAAAATATGGGAGAAGTTGATTATTGAGATACCACCAGAGGGTATAAGGTGGGGAAGAA
Y E M K E I I K I W E K L I I E I P P E G I R W G R I

Spe I
801 TTTGGGAACTAGTGGGATATGGTTAAGAATGTGGTTAGTGTGATTA 846

W E L V G Y G * * *

FIG. 3. Nucleotide sequence of pRQ7 and its putative protein. The five direct repeats (DR), promoter (-35 and - 10), inverted repeat (IR),
ribosome binding site (RBS), and three restriction endonuclease recognition sites are indicated. The sequence of the putative protein is shown
beneath the coding region and is followed by three stop codons (*). Also indicated are the regions similar to the plus-strand origin (origin) and
Rep protein sequence (boxed sequence) depicted in Table 1.

acids, but it has no identifiable ribosome binding site upstream
of the coding region. The single open reading frame encodes a

putative 25,460-Da protein with a calculated pl of 9.9. No
significant sequence similarity covering large regions was

found when the DNA sequence and translated protein se-

quence were compared with those in a number of data bases
(except see below) (5). The coding region is followed by three
stop codons. The final codon overlaps the first direct repeat by
one nucleotide. No transcriptional terminator was evident in
the sequence. Sequences resembling rho-dependent and rho-
independent terminators have been found in Thermotoga
species (6, 10, 14).

Possible modes of replication. Since there is only one

protein encoded on pRQ7, and it is basic, we hypothesize that
this is a Rep protein which binds to the plasmid and directs its
replication. On the basis of sequence similarities between
pRQ7 and members of a family of replicons that replicate by a

rolling-circle (RC) mechanism, we hypothesize that pRQ7 may
replicate by an RC mechanism. RC replicons include the

Escherichia coli single-stranded DNA bacteriophage FX174,
many plasmids found in gram-positive bacteria, two plasmids
from gram-negative hosts, and a plasmid from the archaeon
Halobacterium sp. strain GRB (7, 16). Members of the pC194
family of RC replicons share sequence similarities in their
origins of replication and in their Rep proteins (7). Similar
sequences are found in pRQ7 (Table 1). The putative plus-
strand origin shown in Table 1 lies within the open reading
frame (Fig. 3). These origins frequently are found within or

just upstream of the rep genes in RC plasmids. Members of the
pT181 family of RC plasmids use an inverted repeat structure
as the plus origin (11). Perhaps the inverted repeat in pRQ7
(IR I in Fig. 3) may serve this purpose. In addition, RC
plasmids have 130- to 300-bp regions containing imperfect
palindromic sequences (7, 17). These palindromes function as

minus-strand replication origins. pRQ7 has several imperfect
palindromes extending from the ribosome binding site to the
EcoRV site.
A characteristic feature of RC plasmids is the presence of

TABLE 1. Sequence similarities between pRQ7 and single-stranded DNA replicons"

Replicon Plus-strand replication origin sequence Rep protein Organismsequence

pRQ7 gC-aaggTTcaCTTGATA-gTA MKYLSKEME Thernotoga sp. strain RQ7
FX174 gC-TccCccAaCTTGATA-tTA AKYVNKKSD Escherichia coli
pC194 TC-TTTCTTATCTTGATA-ATA AKYSGKDSD Staphylococcus aureus
pUB110 TC-TTTCTTATCTTGATACATA AKYPVKDTD Staphylococcus aureus
pBAA1 TCtTTTCTTATCTTGATAC-TA SKYPVKDTD Bacillus subtilis
pCB101 TC-TTTCTTATCTTGATA-ATA FKYMTKVTG Clostridium butyricum
pLP1 TC--TTCTTATCTTGATAC-TA AKYGVKSAD Lactobacillus plantarum

"The nucleotide sequence and putative amino acid sequence from pRQ7 were aligned with those published in Gruss and Ehrlich, 1989. Highly conserved nucletoides
are shown in upper case. Amino acids conserved in all proteins are shown in bold face type.
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single-stranded replication intermediates in the cells (7). We
examined strain RQ7 for a single-stranded form of pRQ7 by
performing two Southern hybridizations of pRQ7 DNA which
had been resolved by gel electrophoresis. One sample was

transferred to the membrane following alkaline denaturation,
and the other was transferred under nondenaturing conditions.
Both membranes were probed with labelled cloned pRQ7
DNA. The results showed that neither membrane contained a

band of pRQ7 DNA which migrated faster than the covalently
closed circular form, which is where one would expect to find
the single-stranded form (data not shown) (13). Although
single-stranded forms of RC plasmids are often revealed by
this technique, some, such as that from Halobacterium sp.
strain GRB (15), are present in very few copies and so may

escape detection.
If pRQ7 is a member of this class of replicons, it is the

simplest member of the family. Unlike RC plasmids, it encodes
no obvious selectable traits. The organization of its putative
leading strand replication and control region (16) is unlike that
of RC plasmids, to which it seems most related. Indeed, it
seems to share features found in different families of RC
plasmids, a situation one might expect of a plasmid more like
an ancestral RC plasmid. This possibility is consistent with the
phylogenetic position of Thermotoga species.

Nucleotide sequence accession number. The sequence data
in Fig. 3 appear in the EMBL, GenBank, and DDBJ nucleotide
sequence libraries under accession number L19928.
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