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Abstract The complete nucleotide sequence (62.8 kb) of
pGS18, the largest sequenced plasmid to date from the
species Geobacillus stearothermophilus, was determined.
Computational analysis of sequence data revealed 65
putative open reading frames (ORFs); 38 were carried on
one strand and 27 were carried on the other. These ORFs
comprised 84.1% of the pGS18 sequence. Twenty-five
ORFs (38.4%) were assigned to putative functions; four
ORFs (6.2%) were annotated as pseudogenes. The amino
acid sequences obtained from 29 ORFs (44.6%) had the
highest similarity to hypothetical proteins of the other
microorganisms, and seven (10.8%) had no significant
similarity to any genes present in the current open dat-
abases. Plasmid replication region, strongly resembling
that of the theta-type replicon, and genes encoding three
different plasmid maintenance systems were identified, and
a putative discontinuous transfer region was localized. In
addition, we also found several mobile genetic elements
and genes, responsible for DNA repair, distributed along
the whole sequence of pGS18. The alignment of pGS18
with two other large indigenous plasmids of the genus
Geobacillus highlighted the presence of well-conserved
segments and has provided a framework that can be
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exploited to formulate hypotheses concerning the molecu-
lar evolution of these three plasmids.
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Introduction

Plasmids are important in the overall physiology and con-
tribute directly in the adaptation of the bacteria to their
natural environments (Ochman et al. 2000). Members of the
gram-positive thermophilic genus Geobacillus produce a
variety of industrially and biotechnologically important
thermostable enzymes and antibacterial substances
(McMullan et al. 2004). Several of them are plasmid-
encoded (Mielenz 1983; Stahl 1991). Plasmids were iso-
lated only from a limited number of Geobacillus spp. strains
(Bingham et al. 1979; Feng et al. 2007; Hoshino et al. 1985;
Imanaka et al. 1981, 1982, 1984; Khalil et al. 2003; Liao
et al. 1986; Mielenz 1983; Nakayama et al. 1993; Stahl
1991; Takami et al. 2004) and their sizes vary from 1.9 to
108.0 kb. Native Geobacillus spp. plasmids are of particu-
lar interest, because they can be used in developing genetic
engineering tools, which would allow manipulating the
genome of this bacterium. The plasmid biology of this
genus is still poorly understood. Until now, there are only
three completely sequenced Geobacillus spp. plasmids
published: cryptic pSTK1 (1,883 bp) from G. stearother-
mophilus, pHTA426 (47,890 bp) from G. kaustophilus and
pLW1071 (57,693 bp) from G. thermodenitrificans (Feng
et al. 2007; Nakayama et al. 1993; Takami et al. 2004).
Up to date, only a few shuttle vectors between G. ste-
arothermophilus, B. subtilis and E. coli have been
generated: pSTE33, pRP9 and pNW33N (De Rossi et al.
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1994; Mee and Welker unpublished results; Narumi et al.
1993). All of them are based on rolling-circle-replicating
replicons, and none is based on theta. Analysis of new large
plasmids may provide novel theta replicon types for
genetic engineering of G. stearothermophilus.

In the current report, we present the complete nucleotide
sequence and an initial analysis of pGS18, a large (62.8 kb)
indigenous plasmid from G. stearothermophilus strain 18
that was isolated from the oil-fields near the Baltic Sea in
Lithuania (Kuisiene unpublished results), and its in-silico
comparison with the other two large Geobacillus spp.
plasmid sequences available to date.

Materials and methods
Bacterial strains and culture conditions

Geobacillus stearothermophilus strain 18 was grown on
NA (Nutrient agar, Biokar Diagnostics, France) plates at
60°C. Escherichia coli XLL1-Blue strain used in transfor-
mation experiments was grown in SOB medium
supplemented with 100 pg/ml of ampicillin at 37°C
(Sambrook and Russell 2001).

Plasmid DNA isolation

Cells of Geobacillus stearothermophilus strain 18 were
washed twice with modified STE buffer [200 mM NaCl,
10 mM Tris—HCI (pH 8.0), 1 mM EDTA (pH 8.0)], and
native plasmid DNA was isolated using NucleoBond®
BAC 100 extraction kit (Macherey-Nagel, Germany) fol-
lowing the subsequent purification by CsCl-ethidium
bromide gradient centrifugation (Sambrook and Russell
2001).

Plasmid DNA library construction and sequencing
strategies

The sequencing strategy used to assemble the complete
plasmid sequence was based on the primer walking pro-
cedure. Two restriction enzyme—EcoRI and HindIll—
fragment libraries in pUC19 were constructed from the
pGS18 plasmid. Recombinant plasmids were introduced
into Inoue “ultra-competent” E. coli XL1-Blue, as
described by Sambrook and Russell (2001). Transformants
were selected by blue/white screening on X-Gal/IPTG (40
and 400 pg/ml, respectively) indicator plates containing
ampicillin (100 pg/ml). Templates for DNA sequencing
were prepared using NucleoSpin® Plasmid extraction
kit (Macherey-Nagel, Germany). DNA sequencing was
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performed with the deoxy chain terminator principle
(Sanger et al. 1977) in the DNA Sequencing Centre of the
Institute of Biotechnology (Lithuania) by use of the Big-
Dye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, USA) and 3130x/ Genetic Analyzer (Applied
Biosystems, USA). Plasmid DNA from the libraries was
sequenced in both directions by primer walking with a
series of custom primers and universal primers from MBI
Fermentas (Lithuania) and metabion international AG
(Germany). Primers for primer walking were designed
using Vector NTI Advance™ 9.0 (InforMax, USA) soft-
ware and PrimerSelect module from Lasergene 6
(DNASTAR, USA). Direct sequencing from pGS18 was
used for closing sequence gaps. Hundred and twenty-one
oligonucleotides were designed for primer walking of
pGS18 to close gaps and increase overall coverage to an
average of 3x.

DNA sequence analysis

Sequence assembly was done with Vector NTI Advance™
9.0 software (InforMax, USA). The predicted protein-cod-
ing regions were initially defined by searching for ORFs
longer than 100 codons. The potential coding regions were
confirmed with prokaryotic gene finder GeneMark.hmm 2.4
for Prokaryotes (Lukashin and Borodovsky 1998) at
http://opal.biology.gatech.edu/GeneMark/gmhmm?2_prok.
cgi using a hidden Markov model (HMM) pretrained on the
G. kaustophilus HTA426 genome. Additionally, the whole
pGS18 sequence was translated in all six reading frames
with Vector NTI Advance™ 9.0 software (InforMax, USA).
The resulting amino acid sequences (longer than 33 amino
acids) were manually analyzed taking attention to the
sequence stretches that were not covered by Gene-
Mark.hmm. Promoter prediction was done using Promoter
Prediction by Neural Network (http://www fruitfly.org/
seq_tools/promoter.html). Promoter —10 and —35 position
determination was accomplished using BPROM provided
by SoftBerry (http://www.softberry.com/berry.phtml). To
include possible ORFs, the presence of putative promoter
(scores >0.75 and the presence of significant —10 and —35
promoter positions) and/or putative Shine-Dalgarno sites
had to be determined. Potential ORFs were subsequently
manually analyzed by database searches using the BLAST
suite of programs [including blastx, clusters of orthologous
groups (COG) and conserved domain database (CDD)]
(Altschul et al. 1990), which incorporate domains imported
from the simple modular architecture research tool
(SMART) (Letunic et al. 2006) and the protein family
database (Pfam) (Finn et al. 2006) using standard default
BLAST parameters. E values for the most relevant homologs
are presented in Table 1. The CD-search service was applied
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IS to identify conserved domains in amino acid sequences
_ = ES 8 (Marchler-Bauer and Bryant 2004). Prediction of trans-
S . o - membrane helices in putative proteins was performed by
E = § § TMHMM software (Krogh et al. 2001) and helix-turn-helix
= © * * motifs by Helix-Turn-Helix Motif Prediction program
% (Dodd and Egan 1990). IS-elements were annotated using
© ) R the IS Finder database (http://www-is.biotoul.fr/is.html).
% Sequence alignments were performed using MEGA 3.1
E = & (Kumar et al. 2004), LFASTA (Duret et al. 1996; Pearson
a 10 * and Lipman 1988) and AlignX module of Vector NTI
) Advance™ 9.0 with standard default parameters.
v
v 5 8 3
§2 8 3 4 : .
23 N I Nucleotide sequence accession numbers
L =
&) § = & &
< The complete nucleotide sequence of pGS18 has been
g lil’ Fil deposited in the EMBL Nucleotide Sequence Database under
oS 2 2 accession number AM886060. The previously reported two
_ _ restriction fragments of pGS18 (AM501412 and AM501413;
Be o ES EN E Stuknyte et al. 2007) correspond to 42,569-35,986 bp and
- E Ny ® Z;| 53,377-48,329 bp coordinates of a complimentary strand in
= 0 Q gy . .
EE E g Q S = Z the complete plasmid sequence, respectively. The sequences
ZEREST | - © of G. kaustophilus HTA426 plasmid pHTA426 and G. ther-
~ % modenitrificans NG80-2 plasmid pLW1071 were obtained
% é from GenBank under accession numbers NC_006509 and
I ol NC_009329, respectively.
2 =< qQ | K
S 528
T iE |
28 2E |z Results and discussion
. 38 8g|%
g 'E §E2 E2|8 Overall features of pGS18
5 2 $32 56| ¢ P
S= STT8T|E
Z pGS18 is a circular plasmid of 62,830 bp with a G 4+ C
;; content of 40.02%. A total of 65 putative ORFs were
- - E identified. Thirty-eight ORFs were found to be transcribed
g g |4 from (+) strand and 27 ORFs in the opposite orientation
= E% E~ £ (Fig. 1). The entire putative coding sequence might
% § Q § ~ | § account for as much as 84.1% of the total pGS18 sequence.
e %D i:; zZ -qpa’ E = Of the 65 predicted ORFs, 25 (38.4%) were assigned to
é g &0 &0 % putative functions and four (6.2%) were annotated as
= = = = pseudogenes. The amino acid sequences obtained from 29
£ s 5 ORFs (44.6%) had the highest similarity to hypothetical
° %“’g ® é k3 proteins of the other microorganisms (mainly G. kausto-
il B “_3 2 philus HTA426 and G. thermodenitrificans NG80-2), and
® Q £ = seven ORFs (10.8%) had no significant similarity to any
v o . )
% g & 5 genes present in the current open databases (Table 1).

° x‘ < § E Plasmid replication region and genes encoding three
2| s § o - N g E different plasmid maintenance systems were identified; in
5 ;8 g|° © © g k) addition, a region of a possible transfer was determined.
= © A «w
§ £ g |-, + + = % §D Several transfer genes that were initially described in our
“ | E 9 £ § previous paper (Stuknyte et al. 2007) encoded proteins
25 5 E - . | E 5 § 2 homologous to the G. thermodenitrificans NG80-2 pLW 1071
E1R3 & £ £ s 2 o o conjugative system components. We also predicted several
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mobile genetic elements and genes, responsible for DNA
repair, distributed along the whole sequence of pGS18.

Replication protein coding region

OREF3 starts with TTG at position 1,464 and extends 1,281
nucleotides to TGA stop codon at nucleotide 2,744. Puta-
tive RNA polymerase consensus regions at nucleotides
1,381-1,386 (—35) and 1,402-1,408 (—10) are located
immediately upstream of the coding sequence (Fig. 2).
However, ORF3 does not contain a typical ribosomal
binding site. A structure reminiscent of a transcription
terminator is located downstream of the coding sequence,
with a hairpin forming region between nucleotides 2,821
and 2,835. Translation of this open reading frame should
result in a polypeptide of 426 amino acids.

Inspection of the primary structure of ORF3-encoded
product, deduced from DNA sequence, revealed a helix-
turn-helix DNA binding motif (residues 401 to 422), which
is frequently observed in DNA binding proteins (Dodd and
Egan 1990).

A computer-based comparison of pGS18 ORF3 puta-
tively encoded polypeptide product with primary protein
sequences currently available in the GenBank database was
performed. A high degree of homology (99% amino acid
identities) was observed with the replication protein of the
plasmid pHTA426 from the closely related bacterium G.
kaustophilus (Takami et al. 2004). Rep protein of
pHTA426 has additional 13 amino acids at its N-terminal
part. These amino acids are absent in the putative Rep of
pGS18. Furthermore, the helix-turn-helix motif is occupied
by the same conserved region in both Rep proteins. Also,
the putative Rep of pGS18 showed homology to a protein
(55% identities, 72% positives over 432 amino acids)
encoded on the plasmid of the alkaliphilic Bacillus strain
KSM-KP43 and to replication proteins (39-43% identities,
57-64% positives) of several plasmids of Clostridium spp.
(with the corresponding accession numbers in the Gen-
Bank: ABS42939, Brinkac et al. unpublished results;
NP_783730 and NP_783816, Bruggemann et al. 2003;
NP_040453, Garnier and Cole 1988; YP_699929 and
YP_697960, Myers et al. 2006; YP_209688, Miyamoto
et al. unpublished results).

Analysis of the sequence G + C deviation was used to
indicate a potential origin of replication as described by
Lobry (1996). However, no notable G 4+ C skew was
determined on pGS18 (Fig. 1).

Three adjacent repeated sequences of 9 bp (putative
iterons) were present upstream of ORF3 (Fig. 2). A puta-
tive dnaA box (5’-TGTGAATaa-3’) differed from that of
two other theta replicating plasmids, pAMf1 and pIP501,
only in 2 bp (Bruand et al. 1993). Examination of the 87-bp
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Fig. 1 Circular representation of pGS18. Open reading frames
(ORFs) are represented by block arrows on the outer circle. Predicted
functions/homologies are indicated by the color key featured below;
several ORF numbers are indicated for reference (see Table 1 for
details). The inner circle is a circular bar graph of the G + C skew of
the plasmid sequence with a window size of 100 and step size of 50.
The second circle from the center is a graduated size scale with small
tick marks every 1 kb and large tick marks every 10 kb

DNA segment upstream of ORF3 (coordinates 1,043—
1,270) that is relatively G + C-rich (74.70% rather than
40.02% for the whole plasmid) revealed an inverted repeat.
It is located immediately downstream of AT-rich region,
which has several incomplete direct repeats (5’-GAAGA-
3’) and could be proposed as a strand melting site in the
process of plasmid replication initiation. According to its
secondary structure and location, this inverted repeat
strongly resembles the ssiA site of pAMf1 from Entero-
coccus faecalis (Janniere et al. 1993). Its role is to
presumably facilitate lagging-strand synthesis by stimu-
lating formation of a primosome priA-dependent complex
(del Solar et al. 1998; Janniere et al. 1993).

Two GATC sequences, which are the sites of methyla-
tion by the host Dam methylase, upstream of the ORF3
were present. These sequences are usually found at ori
region on plasmids of gram-negative bacteria (del Solar
et al. 1998).

In summary, several features were identified on pGS18,
which are typical for theta replicating plasmids: (1) repe-
ated sequences (iterons); (2) dnaA box; (3) an AT-rich
region containing several imperfect direct repeats; (4) a
replication terminator (Meijer et al. 1995). Although these
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iterons

1o ARGARAGEAAGGAARGARAGTGGAAAGAAAGEGTGTTICCTTCGATAT TCGGACGG--ACCTGC

pHTA426 ;5 :GCGAAGCGTGACCGAAGARGCCARTGCAT TGCACCGCIGCTTGAAGGAACAAAT CATTAAACEA

ACARAGAGTTGAAGATGCAGICGATTITIGCAGGAGARGAAT ——————- ATTTATTTGCTTATTGAAG
ATAAGTGATGATAARMATAATAGAGTATACATTAMARTARTTAAARCAATARATARMCGTTIATTTC
AT-rich region

AAGCTTTAGAGAAGTATTTAAATGAGTITAAAAAATAATTAAT CATTAAAAGTCCGCGCCGGTCTTCC
ATCTTTTCTTCCAACAAACARAAGTTICGTGGTTCGAACAAAGATTCCATTICCGCGCCGGTCTTCC

_____________________ - A L e Lo 0 P e e eSS T
CGGCTGGCCGCCTTCTGGCCCTTTGGCCATCCGGCCGGAGCCTGGAGAAGCCCGGCGCTCAGCCGET
CGGCTGGCOGCCTTCTGGCC-TTTGGCCATCCGGCTGGAGCCTGGAGAAGCCCGGCGCTCAGCCGLT

CGGAGAAGCTGCTTGCGATCCAGAACCTTCCGCTGTCCACGGCCGTGCGAAGCAGAATCARGGAGTT
CGGAGAAGCTGCTTGCEGATCCAGAACCT TCCGCTGTCCACGGCCGTGCGARGCAGAATCARGGAGTT

dnaA box -35

GCTCAAAGCACCECCGCEATCAATARAGATGTGTATTAT TT TATT T T GTCIGACAT TAAATATT
GCTCAAAGCACCGCOGCGATCAATAATGATGTTTATTGTTTTATTTTTTTGTCTGACATTAAATATT

-10

GITAATTUTCGACAAARAAGCGACAGATAGGTGCAGCCGCACCGGCGCTTCCGTTTCTTCCCC Tmi &6
GGTTAATTTTCGACAAARAGCGACAGATAGGTGTAGCTGCACCGGOGCTTCCGTTTCCTTTTGGTCCoysy

Fig. 2 Proposed ori region of pGS18 and its alignment to the
sequence of pHTA426 upstream of the rep gene. The shaded letters
indicate identical nucleotides. Iterons (solid arrows); imperfect
repeated sequences of AT-rich region (consensus 5’-GAAGA-3’;
underlined); imperfect inverted repeat (dashed arrows) is a putative

properties are not absolute proof, they strongly suggest that
pGS18 uses the theta mechanism of replication.

Plasmid maintenance system

The stable maintenance of plasmids depends on a number
of functions that prevent irreversible plasmid-loss during
cell growth and division. Such systems include nonlethal
and lethal stability determinants. The former are the active
partitioning systems (par) and multimer resolution systems
(mrs), and the later correspond to postsegregational killing
systems (PSK) and plasmid-encoded restriction-modifica-
tion systems (RM) (for a review, see Gerdes et al. 2000).

The predicted products of ORF8 and ORFI15 are puta-
tive integrases/recombinases Xer with the highest
similarity to the corresponding G. kaustophilus HTA426
plasmid pHTA426 encoded protein and chromosome
encoded protein of G. thermodenitrificans NG80-2,
respectively (Table 1; Feng et al. 2007; Takami et al.
2004). Both proteins contain a conserved INT_XerDC
domain (cd00798). They also belong to the Int family of
site-specific recombinases, which have complex recombi-
nation sites and require accessory factors. Site-specific
recombinases are required for plasmid oligomer resolution
in plasmid partitioning process (Gerdes et al. 2000).

ssiA site of theta replicating plasmids; GATC sequences (in bold) are
the putative sites of methylation by the host Dam methylase; an
inverted repeats (arrows); dnaA box, pGS18 rep start codon and
putative —10 and —35 promoter elements (boxed)

Upstream of the ORF3, encoding a possible plasmid
replication protein, ORF1 is located. Its predicted product
contains a conserved ParA domain (cd02042). Upstream of
the ORFI1, a significant promoter sequence (Promoter
Prediction by Neural Network score is 1.00) was found.
ParA belongs to a conserved family of bacterial proteins,
resolvases, implicated in segregation process. Par systems
are usually found on low-copy-number plasmids that seg-
regate nonrandomly. They actively distribute the plasmid
copies to daughter cells during division and stabilize low
copy number replicons to which they are attached, without
affecting copy number and without killing plasmid free
segregants (Gerdes et al. 2000). The prototype of par
system was described on ColEl plasmid form E. coli
(Leung et al. 1985).

ORF10 and ORF11 encode type IIs modification meth-
yltransferase and type IIs restriction endonuclease,
respectively. Also, the C-terminal part of the deduced
polypeptide product of ORF23 is similar to methyltrans-
ferase of Alkaliphilus metalliredigens QYMF (Table 1;
Copeland et al. unpublished results). It contains a Methyl-
transf_11 conserved domain (pfam08241). Members of this
family are S-adenosyl-L-methionine-dependent methyl-
transferases. A postsegregational host-killing model for
plasmid stabilization that is associated with restriction-
modification systems is known (Gerdes et al. 2000;

@ Springer



424

Extremophiles (2008) 12:415-429

Kobayashi 2001; Naito et al. 1995). Further genetic anal-
ysis is required to probably associate ORF10- and ORF11-
encoded products with this function.

Interestingly, pGS18 carries genes of more than one
plasmid maintenance system. This may seem superfluous,
since one stability system should be sufficient to ensure
inheritance of a given plasmid. Although there is no direct
evidence to support this, it could be plausibly hypothesized
that these plasmids arose after recombination of multiple,
initially separate plasmids, each with its own maintenance
system (Holcik and Iyer 1997).

The putative transfer (tra) genes

pGS18 was found to carry a 6.93- and 8.565-kb-long
regions that with respect to gene structure and organization
were almost identical (nucleotide sequence identity of 92
and 98%, respectively) to the corresponding regions of
pLW1071 that encompass genes associated with conjuga-
tive plasmid transfer (Fig. 3). All the ORFs identified on
pGS18 as possible conjugative transfer genes were found to
have highly similar homologs on pLW1071 (see percent-
ages in Table 1). The partial sequence of pGS18 was
previously described, showing the presence of these puta-
tive conjugative transfer genes on this plasmid (Stuknyte
et al. 2007). Briefly, a nickase TraA, encoded by ORFS5S5,
mating pair formation (mpf) complex components (TrsG
(ORF42), a putative lytic enzyme, TrsD (ORF44) and TrsE
(ORF43), putative translocation energy suppliers) and a
putative coupling protein TrsK (ORF66) were identified.
As well a protein (encoded by ORF39), which is signifi-
cantly similar to TraL of S. aureus subsp. aureus USA300,

#02 #04 #oe#os #M0 M2 #4 #7 #21

- «f A

pHTA426
47890 bp

O ek

pGS18
62830 bp
#1 #5

pLW10T1
57693 bp

Mot

#3455 #3458 w3463

B Replication

. Conjugation

Fig. 3 Linear alignment of pGS18, pHTA426 and pLW1071. ORFs
are represented by block arrows and solid lines (ORFs smaller than
500 nt). Several ORF numbers are indicated for reference on each
plasmid just above or below their representation (see Table 1 for
details). Predicted functions/homologies are indicated by the color
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a plasmid pUSAO3 horizontal transfer complex protein
with an unidentified function, was present. A putative site
for the initiation of conjugative plasmid transfer, oriT, was
located.

After completion of pGS18 sequence, several other
putative conjugative transfer elements were also identified.
ORF57 was predicted to encode a topoisomerase, which is
similar to both the Trsl of G. thermodenitrificans plasmid
pLW1071 (Feng et al. 2007) as well as the protein encoded
by ORF63 of plasmid pAW63 from Bacillus thuringiensis
(Van der Auwera et al. 2005). The later protein is thought
to be a relaxase, function of which is equivalent to that of
the VirB/D4 type IV secretion system (T4SS) component
VirD2, the key player of the dfr system (Grohmann et al.
2003; Van der Auwera et al. 2005).

ORF58 and ORF62 displayed significant homology to
LtrC-like (from the Lactococcus transfer ORFC) putative
conjugative elements from G. thermodenitrificans (92 and
97% identity, respectively); Listeria sp., Staphylococcus
sp. and Lactococcus sp. (33-59% identity). The function of
the LtrC, which was identified in the tra region of the L.
lactis conjugative plasmid pRS01, has not been determined
(Mills et al. 1994).

pGS18, as well as pLW1071, do not contain a contin-
uous fra region that is always present on conjugative
plasmids. Two regions encoding putative tra genes are
separated with approximately 8 and 14 kb inserts, respec-
tively (Fig. 3). In the case of pGS18, 10 hypothetical
proteins (the products of ORF45-ORF54) are encoded in
between the regions. FFASO3 program (http://ffas.ljcrf.edu/
ffas-cgi/cgi/tfas.pl) (Jaroszewski et al. 2005) was used on
these ORFs to improve the sensitivity of detection of dis-
tant homologies to T4SS components and to enhance

#36 w42

H3T R3O0 #42 #4448\ #52  #55 #S6 #GT

et o]

#3479 #349083482 #3496 #3499

Other determinants  [J| No homalogy
[ ] maintenance [l Mobile DNA [ Function unknown

key featured below. Well-conserved segments of the plasmids are
paired by shaded regions; percentages of polypeptide sequence
identities for specific ORF pairs can be found in Table 1. Scale is
indicated by the bar in the lower right-hand corner
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alignment accuracy (Grynberg et al. 2007). However, no
similarities to putative tra genes were detected.

Mobile genetic elements

Four ORFs, ORF16, ORF18, ORF19 and ORF60, were
identified as constituents of insertion sequences on the
basis of their homologies. ORF16 was predicted to encode
a transposase of ISBstI2-like element (Egelseer et al.
2000). The protein contains a conserved Transposase_25
domain of pfam03050 family. This family includes 1S66
from Agrobacterium tumefaciens. However, ISBstl2
belongs to the group of unclassified insertion sequences (IS
finder database, see “Materials and methods”). ORF16 is
bounded by 11-bp inverted repeats (IRs) and flanked by a
directly repeated 8-bp sequence. Thus, it constitutes a
complete insertion sequence highly similar to ISBsti2
(Egelseer et al. 2000).

ORF18 encodes a putative transposase of IS3 family. It
contains helix-turn-helix motif, which is typical for this
family proteins. IS3-family members generally have two
consecutive and partially overlapping reading frames, orfA
and orfB, in relative translational reading phases 0 and —1,
respectively. Taking into account this feature, ORF19
could correspond to orfB. However, ORF19 does not
encode a functional protein due to the nonsense mutation
and C-insertion that cause frame-shift mutation in the
sequence. The presence of strongly significant rve con-
served domain (pfam00665) and Tra5 domain (COG2801)
shows that this ORF could have encoded a functional in-
tegrase or transposase. ORF19 contains a DDE catalytic
domain, which is also a characteristic feature of IS3 family
transposases. Members of IS3 family are distinguished by
lengths between 1,200 and 1,550 bp and inverted terminal
repeats in the range of 20-40 bp, which are variable but
clearly related (IS finder database, see “Materials and
methods”). The sum of the lengths of ORF18 and ORF19
is consistent with this observation. Furthermore, imperfect
inverted terminal repeats of 21 bp were present. Thus,
ORF18 and ORF19 with the flanking sequences could be
assigned to the IS3 family of insertion sequences.

ORF60 encodes a putative transposase with 96% amino
acid identities to the IS/604-like transposase of G. kau-
stophilus HTA426. Additional search in IS finder database
(see “Materials and methods”) showed it to be highly
similar to ISBstl belonging to IS48] family of insertion
sequences. Protein possesses rve (pfam00665) and
Mu-transpos_C (pfam09299) conserved domains that are
found in various prokaryotic integrases and transposases.
The length of the protein-encoded DNA sequence
(1,251 bp) consists with that of transposases of IS481
family (approximately 1 kb) (IS finder database, see

“Materials and methods”). However, flanking sequences
significantly differ. ORF60 is flanked by 7-bp inverted
repeats. Nine-base pair direct repeats, surrounding ORF60
and adjacent to IRs, were also present.

DNA damage repair and stress response genes

Several putative proteins (encoded by ORF9, ORF2S,
ORF33, ORF47), associated with DNA damage repair or
stress response, were present on pGS18.

ORF9-predicted product is similar to a DNA damage
repair protein of G. thermodenitrificans NG80-2 plasmid
pLW1071 (Table 1; Feng et al. 2007). It harbors an
incomplete conserved Pol_IV_kappa (cd03586) and DinP
(COGO0389) domains. Pol_IV_kappa is a member of the Y-
family of DNA polymerases. Expression of Y-family
polymerases is often induced by DNA damage (Goodman
2002). These polymerases are phylogenetically unrelated to
classical DNA polymerases. DinP is a nucleotidyltrans-
ferase/DNA polymerase involved in DNA repair. It is
rarely found that plasmid encodes the DNA polymerase
(Qin et al. 2007).

ORF28-deduced polypeptide product has similarities to
UvrB/UvrC protein of Chlorobium limicola (Table 1; Co-
peland et al. unpublished results). The UvrABC repair
system catalyzes the recognition and processing of DNA
lesions (Truglio et al. 2006). ORF28-encoded product
harbors a conserved ClpA domain (COG0542). ClpA is an
ATP-binding subunit of Clp protease and DnaK/Dnal
chaperones that participate in posttranslational modifica-
tion, protein turnover and act as chaperones. Clp_N domain
(pfam02861) is located at the N-terminal part of ORF28-
encoded product. The function of this domain is uncertain,
but it may form a protein-binding site. Central part of
ORF28 putatively encoded protein harbors AAA domain
belonging to pfam0004 family. It is an ATPase family
associated with various cellular activities. AAA family
proteins often perform chaperone-like functions that assist
in the assembly, operation, or disassembly of protein
complexes.

The predicted protein product of ORF33 is highly sim-
ilar to DNA repair protein RadC of Listeria monocytogenes
(Table 1; Nelson et al. 2004). RadC is required for the
repair of DNA strand breaks. RadC functions specifically
in recombinational repair that is associated with the repli-
cation fork (Saveson and Lovett 1999).

ORF47-deduced product is similar to hypothetical pro-
tein p03 of Bacillus methanolicus plasmid pBMI19
(Table 1; Brautaset et al. 2004). This protein at its N-ter-
minal part contains a conserved helix-turn-helix motif
(6YSTKDIANIVGIATPTVRKYAQ,7) characteristic for
several transcriptional regulators, YyaN (cd01109), MIrA
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(cd01104) and MERR (cd00592), which mediate responses
to stress in eubacteria.

Other ORFs

The amino acid sequence obtained from the putative ORF5
exhibited 99% identities to the late competence protein of
G. kaustophilus HTA426 plasmid pHTA426 (Table 1;
Takami et al. 2004). It harbors a conserved ComEC domain
(COG2333). ComEC has been predicted from its sequence
to be a polytopic membrane protein and is required for
DNA transport (Provvedi and Dubnau 1999). Members of
ComEC family are integral membrane proteins with six
trans-membrane helices (Provvedi and Dubnau 1999).
Some members of this family (pfam03772) have been
shown to be essential for bacterial competence in uptake of
extracellular DNA. However, ORF5 predicted product has
only one trans-membrane helix.

ORF20 encodes a putative protein of 240 amino acids
that showed similarity to hypothetical protein OB0303
from Oceanobacillus iheyensis HTE831 (45% identities,
65% positives; Takami et al. 2002). It harbors an N-ter-
minal part of a conserved nucleotidyltransferase domain
(pfam01909). Members of this family belong to a large
family of nucleotidyltransferases. This family includes
kanamycin nucleotidyltransferase, which inactivates anti-
biotics by catalyzing the addition of a nucleotidyl group
onto the drug. Resistance of G. stearothermophilus strain
18 to kanamycin was tested. However, this strain was
sensitive to the drug (data not shown).

The amino acid sequence obtained from the putative
ORF27 exhibited 27% identities and 50% positives to the
predicted transporter protein of Clostridium kluyveri
(Table 1; Seedorf et al. unpublished results). The deduced
polypeptide product of ORF27 harbors a conserved
DUF894 domain of pfam05977 family. This family con-
sists of several bacterial proteins, many of which are
annotated as putative trans-membrane transport proteins. A
hydropathy plot of the ORF27 polypeptide sequence
revealed 10 potential membrane-spanning sequences, sug-
gesting that the putative ORF27-encoded protein is
localized in the cytoplasmic membrane.

Of the 65 predicted ORFs of pGS18, four (6.2%) were
annotated as pseudogenes, that is, defunct relatives of
known genes that have lost their protein-coding ability
resulting from frame-shifts due to nucleotide deletions
(Vanin 1985). As it was mentioned previously in this
article, ORF19 could have encoded a functional integrase
or transposase of insertion sequence IS3-family members.
ORF29, ORF37 and ORF46 could have encoded hypo-
thetical proteins from G. kaustophilus and G.
thermodenitrificans. Namely, ORF29 is homologous to
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hypothetical protein GK1107 of G. kaustophilus HTA426
encoding gene. Nucleotide sequence alignment of ORF29
and GKI1107 showed that ORF29 has a G deletion
(between 28,804 and 28,803 nucleotides in the whole
pGS18 sequence) compared to GK1107. This determines a
frame-shift mutation and probably nonfunctional ORF29.
Analogously, ORF37 has a C deletion (between 35,590 and
35,589 nucleotides) compared to GTNG_3453 from G.
thermodenitrificans NG80-2 plasmid pLWI1071, and
ORF46 has a T deletion (between 42,822 and 42,821
nucleotides) compared to GTNG_3460 from the same
plasmid.

Thirty-six out of the 65 predicted ORFs of the pGS18
(55.4%) encoded hypothetical proteins, which either were
similar to proteins with unknown function from other
microorganisms (mainly G. kaustophilus HTA426 and G.
thermodenitrificans NG80-2) or had no homology to any
proteins present in the current open databases (Table 1).
However, this is not a paradox, since for many large low-
copy-number and self-transmissible plasmids a significant
proportion of their genome is a DNA of unknown function
(Thomas 2004).

pGS18 comparison with other sequenced large
Geobacillus spp. plasmids

We compared the nucleotide sequence of pGS18 with two
other large plasmids of Geobacillus spp. sequenced to date:
pHTAA426 of G. kaustophilus HTA426 and pLW1071 of G.
thermodenitrificans NG80-2 (Feng et al. 2007; Takami
et al. 2004). Twenty-four (36.91%) of the 65 predicted
pGS18 ORFs had sequence similarities to pLW1071 genes;
11 (16.9%) pGS18 ORFs had sequence similarities to
pHTA426 genes, and four ORFs (6.2%) were similar to
ORFs of both plasmids (Table 1; Fig. 4).

The putative transfer (tra) region of pGS18 with the
surrounding ORFs was found to be equivalent to that on
pLWI1071 of G. thermodenitrificans NG80-2. Notably,
ORF33-0ORF46 in this segment of pGS18 corresponded to
the coding sequences GTNG_3449-GTNG_3460 on
pLWI1071 and ORF49-ORF58 to GTNG_3466-
GTNG_3469 together with GTNG_3475-GTNG_3480
(Table 1, Fig. 3). As described earlier and by Stuknyte
et al. (2007), nine of these ORFs in pGS18 encoded
putative conjugation-related proteins. It is interesting to
note that neither pGS18 nor pLW1071 contains a contin-
uous tra region. Moreover, the intervening sequences in
both plasmids are of the different length (7,979 bp in
pGS18 and 14,229 bp in pLW1071) and have only partial
similarities (Fig. 3).

Sequence analysis revealed similar loci in both G. ste-
arothermophilus pGS18 and G. kaustophilus pHTA426.
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G. stearothermophilus 18
pGS18
65

G. kaustophilus HTA426 G. thermodenitrificans NG80-2
pHTA426 pLW1071
42 55

Fig. 4 Venn diagram illustrating the number of putative proteins
associated with each organism and the number shared with the
intersecting organism. Dots G. stearothermophilus 18 pGS18; hori-
zontal lines G. kaustophilus HTA426 pHTA426; vertical lines
G. thermodenitrificans NG80-2 pLW1071. Two orthologs are shared
by all three plasmids, and pGS18 has two copies of each of them

They were located in the region encoding plasmid repli-
cation and stable maintenance functions (Table 1, Fig. 3).
Comparison of the proposed ori region of pGS18 to the
sequence of pHTA426 upstream of the rep gene is shown
in Fig. 2. It is obvious that even if replication proteins of
both plasmids are almost identical (99% of amino acid
identities), the upstream regions differ. The functional
analysis has to be performed to elucidate the replication
mechanism of both plasmids.

We found two orthologs shared by the three plasmids
(Table 1, Fig. 3). The first one is a CDS (ORF50 and
ORF65 in pGS18; GKP37 in pHTA426; GTNG_3467 in
pLW1071) encoding a hypothetical protein. ORF65- and
GKP37-encoded proteins contain a conserved ribbon-helix-
helix motif of CopG family (pfam01402). CopG is a
transcriptional repressor, a homodimeric protein, that
constitutes the smallest natural transcriptional repressor
characterized so far and is involved in plasmid replication
control (del Solar et al. 2002). The second ortholog shared
by all three Geobacillus spp. plasmids is a CDS (ORF15 in
pGS18; GKP13 in pHTA426; GTNG_3492 in pLW1071)
encoding an integrase/recombinase Xer. ORFS is a putative
N-terminal truncation (69 C-terminal amino acids) of this
CDS.

The similarity of modular composition of the three
Geobacillus spp. plasmids provides a framework that can
be exploited to formulate hypotheses concerning the
molecular evolution of these plasmids. It could be proposed
that several recombination events that involved two or
more plasmids formed the pGS18. High degree of simi-
larity between certain segments of pGS18 and pLW1071
reveals the similar nature of plasmids present in the two

oil-field-residing bacteria, G. stearothermophilus 18 and G.
thermodenitrificans NG80-2 (Feng et al. 2007).

Conclusions

The nucleotide sequence of the 62,830-bp G. stearother-
mophilus plasmid pGS18 reported in this study represents
the largest Geobacillus spp. plasmid sequence determined
so far and the first analyzed putative theta-type replicon
from the genus Geobacillus. G 4+ C content of pGS18 is
40.02%. It is significantly lower than the G 4+ C content of
G. stearothermophilus genome (52.2 mol%) and even of
the all members of the genus Geobacillus (49-58 mol%)
(Nazina et al. 2001). A lower G + C composition suggests
the possibility of horizontal transfer of DNA from an
organism with a lower G + C content.

The pGS18 shows a unique degree of genome coordi-
nation encompassing replication, transfer and stable
inheritance. However, the presence of those modules on the
plasmid genome is not a paradox. Successful plasmids have
maximized their segregational stability and minimized the
burden they place on their host. They also have acquired an
efficient transfer system or occupy the niche where they
can exploit an available transfer strategy (Thomas 2004).
Most of the evidence points to plasmids being unable to
maintain themselves simply by their replication, mainte-
nance and transfer activities. Besides the machinery for
their own maintenance and transfer, most plasmids carry
genes that confer potentially useful traits on their bacterial
hosts. In most cases, these traits are ones that are useful
only intermittently or in certain environments (Lilley et al.
2000). The reason why large low-copy-number plasmid
survives may be very different from the reasons for the
persistence of a small, high-copy-number plasmid. DNA
sequencing, particularly with respect to low-copy-number
and self-transmissible plasmids, shows that for many a
significant proportion of their genome is additional DNA,
often of unknown function (Thomas 2004). As it was
mentioned earlier, high number (i.e. 36 out of the 65 ORFs)
of unknown genes is also noticeable on the pGS18. It is
interesting that a large portion of them (13 ORFs) is highly
similar to unknown genes from the other oil-field-residing
bacterial plasmid, pLW1071 from G. thermodenitrificans
NG80-2 (Feng et al. 2007). This points to the possible
influence of the specific environmental conditions to the
possible unknown function conferred by the plasmid.

In conclusion, the pGS18 has been sequenced, showing
substantial similarity of modular composition to other big
Geobacillus spp. plasmids, and it requires further genetic
characterization to understand the benefits it provides to the
host. Nevertheless, pGS18 could serve as a basis for con-
struction of vectors, based on theta-type replicon.
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