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Abstract

In former investigations (unpublished) a new type I polymerase (Family A), different to the
prevalent one of Thermus, was found in a Thermus antranikianii. It has conserved domain
structures, related to the distinct polymerase I subgroup of Aquificales and seems to feature
strand displacement activity (unpublished) similar to the polymerase from phage phi29. The
distribution of the gene in the Thermus genus was investigated with a PCR-screening. The
gene was found to be present in some but not all strains of the species T. thermophilis (21% of
strains examined), 7. scotoductus (15% of strain examined), 7. igniterrae (28% of strains
examined) and T. brockianus (35% of strains examined), but not in 7. oshimai. Prior sequence
analysis of the gene flanking regions already had revealed that the gene is located in close
proximity to a transposase gene, thus linked to it in Thermus antranikianii. The same linkage
was observed in other Thermus strains, where the polymerase was present, by PCR-screening.
The aquificae like Poll polymerase has sporadic distribution in other bacterial phyla. Only in
the Aquificae phylum is it found in every species/strain examined. This is a very unusual
species-distribution indicating later gene transfer. The distribution pattern in Thermus is even
a stronger support for this hypothesis. The linkage to the transposase and other sequence
features indicates also that the polymerase is transported by the means of a transposon that
can move between strains and across species boundaries.
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1. Introduction

An interest in thermophilic organisms followed the biotechnological revolution in the late
20th century. Defined as organisms, able to grow and reproduce at high temperatures,
thermophiles possess proteins and cellular mechanics stable against heat denaturation. Many
biotechnological processes require high temperatures (Haki et al., 2003) in order to function
and/or to produce adequate yields. To name one application, polymerase chain reaction (PCR)
is the best known and a revolutionary example of the use of thermophilic ‘technology’.

1.1 Thermophiles

Definitions of thermophilic organisms (from ancient greek Oepudc thermos ,,warm* as well as
¢oihog philos ,Joving*) vary in the literature, but they have been described as those which are
able to grow at temperatures above 60°C (Rothschild et al., 2001). This definition excludes
eukaryotes, as their highest found growth-temperate is 60°C. Therefore, the capacity is
observed only in the prokaryotic domains. Thermophilic archaea can even grow above the
boiling point of water and the highest known growth temperature is 121° C (Kashefi et al.,
2003). Habitats with such high temperatures are rare and found in most cases in geothermal
areas below sea level where the pressure is high enough. Thermophilic organisms may also
represent the most ancient mode of life as they cluster around the root of the universal tree of
life. The high selective pressure under extreme thermophilic conditions might have caused the
‘evolutionary clock’ to tick more slowly than in mesophilic counterparts (Stetter, 1996).

1.2 Thermus-species

According to the current taxonomy Thermus belongs to the Deinococcus-Thermus phylum.
They are nonsporulating, with an outer membrane (Gram-negative), heterotrophic, rod shaped
and obligate aerobes. They grow at near neutral, alkaline pH and as the name Thermus
indicates the bacteria belonging to this genus are thermophilic growing at temperatures
between 55°C to 85°C, with growth optima 65 and 70°C.

The first isolates were obtained in the late 1960s by Brock et al., (1969) in the Yellowstone
National Park, a highly active geothermal area. The discovered species T. aquaticus is the
source of the Tag-polymerase, first discovered in 1976 (Chien et al., 1976). It has become
essential for molecular biology and biotechnology. Since then, many other thermophilic
polymerases have been cloned, expressed, developed and found uses in various applications.
Still, Taq polymerase is the favorite enzyme for PCR (Gibbs et al., 2009).

1.3 DNA-polymerase

The thermophilic Taq DNA-polymerase is of fundamental importance for molecular biology
research applications such as PCR gene amplifications and DNA sequencing. Thermo-
stability is required due to repeated denaturation steps during the PCR.

DNA directed DNA polymerases are the central enzymes in DNA replication and DNA repair
processes. Currently they are categorized into six DNA polymerase families, based on their
biochemical and sequence relationship. This polymerase subgroups are Family A, B, C, D, X,
and Y. The prevalent families in bacteria are Family A (Poll), B (Polll), and C (Pollll).
Polymerase III is part of the replication complex (replisome), which replicates the
chromosomal DNA before cell divisions. Polymerase I and II only assist in strand synthesis,
especially on the discontinuous 3' to 5' direction. They have repair and gap-filling functions.



A novel polymerase called Thermophi in this report (derived from thermophilic) and
belonging to the Poll polymerase family was recently discovered in various Icelandic
Thermus strains (Hjorleifsdottir, Hreggvidsson and Fridjénsson, 2010; unpublished). The
gene of one particular Thermus antranikianii strain (2120) was cloned and sequenced. The
obtained sequence was compared with other Poll polymerase sequences and found to belong
to the Aquificae like Poll polymerase group.

The family A (Poll) polymerases can be divided into different subgroups based on presence or
absence of conserved domains with different functions. The domain structure of the
Thermophi polymerase can be seen in Figure 1 and comparisons to other Poll genes can be
seen in Figure 2. Previously it had been shown that the well-known Taq polymerase from
Thermus aquaticus belongs to the Poll family E. coli like Poll C. This type of Poll
polymerase has been detected in all Thermus species and strains investigated. It functions as
the Poll C from E. coli in DNA repair. On the other hand the domain structure of the
Thermophi polymerase clearly indicates that it belongs to the PolA (Aquificae like) subgroup
(Fig. 2). Polymerases I C (E.coli-like) have three domains, the characteristic polymerization
domain, the 5'-3'-exonuclease domain and the proofreading 3'-5'-exonuclease domain. In
contrast the Thermophi polymerase only has the proofreading 3'-5'-exonuclease domain and
the polymerization domain. The Taq polymerase has the three Poll C (E. coli like) domains
but the 3'-5'-exonuclease domain is smaller and non-functional.
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Figure 1. Conserved domains within the Thermophi amino acid sequence. They were identified using
the NCBI search engine, based on the Pfam-database (Pfam — Finn et al. 2010). Sequence similarities
mark the belonging to the family A polymerases and their subgroup PolA (Agquificae like).
Furthermore it possesses a 3'-5'-exonuclease domain for proofreading (blue marked).
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Figure 2. Polymerase I domain structures of Aquifex aelicus (GenBank O67779.1), Escherichia coli
(AAA24402.1), Thermus thermophilis (YP_144320.1) and Thermus aquaticus (1TAQ_A).
Polymerases I C (E.coli like) have the characteristic polymerization domain (red marked), the 3'-5'-
exonuclease domain for proofreading (green marked for Poll C; blue marked for A. aelicus) and in



contrast to Poll in Aquifex, there is an additional 5'-3'-exonuclease domain (blue marked). However, in
both Thermus species the 3'-5'-exonuclease domain is smaller and non-functional.

The Thermophi-polymerase appears to have unique properties, which make it interesting for
further investigation and biotechnological utilization. Investigations carried out at Matis
indicate that the Thermophi polymerase has strand displacement activity, similar to the
polymerase that originates from the phage phi29 (unpublished). Conventional polymerases
used in PCR have problems with amplifying long sequences and areas with a high G/C —
content, because they have no ‘helicase’-function for splitting the DNA double strand and
stop the replication reaction if a strand is not denatured completely.

1.4 Transposons

Bioinformatical analyses of the Thermophi gene sequence and its flanking regions from two
strains of Thermus revealed that the gene is located in close proximity to a transposase gene.
This fact and other sequence features indicated that the polymerase gene might be a part of a
transposon. Consequently, the gene could have a sporadic distribution within the genus, either
species specific or strain specific and independent of species boundaries.

Transposons have the ability to move from one site in the genome to another, leading to a
rearrangement of the genome. Insertions within a gene can cause mutations and incorporation
of stop codons or termination sequences and can affect the expression of most genes, as
observed by Dyson et al., 1999.

Both ends of transposons are flanked by inverted repeats, which can vary in length from 9 to
41bp, being closely related to each other, but not identical. During a transposition a small
copy of the target host-DNA sequence is created due to staggered cutting and later filled on
complementary. This leads to characteristic similar direct-repeats on both sides of the
sequence where the transposon was inserted to (Mahillon et al., 1998). Though these areas
can not pointed out very clearly on the 7. antranikianii genome yet, there is evidence that
these sequences exist and are located close to the Thermophi gene.

However, a transposon that includes a polymerase has not yet been reported in bacteria. The
specific usage and possible advantage of the Thermophi polymerase for a species is unknown.
Here we find evidence that the gene is linked to a transposase and can be found in many
strains of several Thermus species. This was demonstrated by PCR screening using different
primer locations within the gene and transposase, respectively. There is no specific pattern,
regarding the appearance of the transposon in distinct geothermal areas. Therefore, its role in
evolution might be to keep genetic variability, as proposed by Nevers et al. (1977).

1.5 Aim of the study

The aim of this study is to investigate the distribution of the Thermophi gene in the Thermus
genus. The hypothesis is that Thermophi polymerase is a transposon-encoded polymerase and
can move between strains and species by lateral gene transfer.



2. Materials and Methods

2.1 Bacterial strains
For this work, 96 Thermus strains (Tab. 1) were screened for the frequency of the Thermophi
gene. The strains were previously isolated from the geothermal areas around Iceland shown
in Figure 3. Most of the strains had been classified to species using isoenzyme analysis
(Hreggvidsson et al., 2006).
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Figure 3. Geothermal areas of Iceland from which the Thermus strains, used in this work, were
isolated from (Hreggvidsson et al., 2006).

Table 1. Thermus strains used in this work, their growth conditions and former classification by
1soenzyme analysis according to Hreggvidsson et al. (2006).

Strain Growth Medium Classification in ~ Strain Growth Medium  Classification in
temperature Hreggvidsson et temperature Hreggvidsson et
[°C] al., 2006 [°C] al., 2006

51 65 162 T. oshimai 2111 72 166 T. brockianus

52 65 162 T. scotoductus 2115 72 166 T. brockianus

74 65 166 - 2117 65 R,A T. igniterrae

77 65 162 T. oshimai 2118 65 166 T. scotoductus

79 65 162 T. brockianus 2120 72 R,A T. antranikianii

80 65 162 T. oshimai 2121 65 R,A T. scotoductus

129 72 162 T. brockianus 2122 65 R,A T. scotoductus

140 72 162 T. brockianus 2123 65 166 T. sp.

154 65 162 T. scotoductus 2124 65 RA T. sp.

165 65 162 T. igniterrae 2125 72 R,A T. scotoductus

206 65 162 T. brockianus 2126 65 166 T. scotoductus

210 65 162 T. brockianus 2127 60 R,A T. scotoductus

211 65 162 T. brockianus 2128 65 R,A T. brockianus

220 65 162 T. oshimai 2129 65 R,A T. brockianus

252 65 166 - 2130 65 166 T. igniterrae




Strain Growth Medium  Classification in  Strain  Growth Medium  Classification in

temperature Hreggvidsson et temperature Hreggvidsson et

[°C] al., 2006 [°C] al., 2006
319 60 162 T. brockianus 2131 65 166 T. oshimai
338 72 162 T. brockianus 2132 65 166 T. igniterrae
339 72 162 T. brockianus 2133 65 166 T. igniterrae
340 72 162 T. brockianus 2134 65 166 T. igniterrae
346 72 162 T. scotoductus 2135 65 R,A T. oshimai
360 72 162 T. brockianus 2137 65 R,A T. igniterrae
761 65 R,A T. thermophilus 2139 72 166 T. sp.
781 65 R,A T. thermophilus 2141 70 166 -
791 72 R,A T. thermophilus 2142 70 166 -
797 65 R,A T. thermophilus 2143 70 166 -
862 65 166 - 2144 65 R,A T. igniterrae
872 65 RA T. thermophilus 2145 70 166 -
945 65 160 - 2146 70 166 -
1003 65 166 - 2147 70 166 -
1087 65 166 - 2148 70 166 -
1251 72 RA T. thermophilus 2149 70 166 -
1262 72 166 T. thermophilus 2150 70 166 -
1270 65 166 T. thermophilus 2151 70 166 -
1285 72 166 T. thermophilus 2152 70 166 -
1318 65 166 T. thermophilus 2153 72 166 T. brockianus
1340 65 R,A T. thermophilus 2154 65 166 T. scotoductus
1373 72 166 T. thermophilus 2214 72 166 -
2100 65 166 T. scotoductus 2443 65 R,A T. igniterrae
2101 72 R,A T. scotoductus 2631 72 166 T. scotoductus
2102 72 166 T. scotoductus 2788 65 166 T. brockianus
2103 65 R,A T. brockianus 2789 72 R,A T. sp.
2104 65 166 T. igniterrae 2790 72 R,A T. igniterrae
2105 65 166 T. igniterrae 2791 65 RA T. igniterrae
2106 72 166 T. brockianus 2792 65 R,A T. igniterrae
2107 72 166 T. igniterrae 2793 72 R,A T. igniterrae
2108 72 166 T. scotoductus 2795 72 166 T. sp.
2109 72 166 T. scotoductus 2797 72 R,A T. brockianus
2110 72 166 T. igniterrae 2811 65 R,A T. scotoductus

2.2 Growth media

Purified strains (from Matis/Iceland) were streaked onto agar plates as listed in Table 1, in
order to get single colonies and freshly growing cells. Four different nutrient media were used
for the cultivation: Medium 162 developed by Degryse et al. (1978). Medium 160, which is
the same as 162 but with only 1/10 of the phosphate buffer, containing per liter 2.5 g yeast
extract, 2.5 g tryptone, 1.0 g nitrilotriacetic acid, 0.4 g CaSOy [1 2H,0, 2.0 g MgSO, [1 7TH,0,
1.5 ml 0.2 M Na,HPO4[112H,0, 1.0 ml 0.2 M KH,PO4, 0.5 ml 0.01 M Fe(Ill) citrate | 5H,O
and 5.0 ml of trace element solution, pH 7.5. Medium 166 contains per liter geothermal tap
water, 0.3 g of KbHPO4, 1 g of yeast extract, 1 g of peptone, 1 g of tryptone, 0.5 g of glucose,
0.5 g of starch, 0.6 g of pyruvic acid, 0.3 g of proline and 0.18 g of Na,CO3, 0.5 ml of 0.01 M
Fe(III) citrate [ 5 H,O and 5.0 ml of trace element solution, pH 7.5. And for 1 I medium R,A
(Difco) 0.5 g yeast extract, 0.5 g proteose peptone, 0.5 g casamino acids, 0.5 g glucose, 0.5 g
soluble starch, 0.3 Na-pyrauvate, 0.3 g K;HPOy4, 0.03 g MgSO4 [ 7H,0 is needed. The trace
element solution contains (per liter): 0.22 g MnSO, [1 H;0, 0.05 g ZnSO, [1 7H,0, 0.05 g
H3BO3, 0.0025 g CuSOy4 [1 SH,0, 0.0025 g Na;MoO4 [ 2H,0 and 0.0046 g CoCl, [ 6H,0.



2.3 DNA Extraction

DNA was isolated from cells grown on agar plates overnight using the MasterPure™ DNA
Purification Kit (Epicentre, Madison, WI, USA) according to the manual of the manufacturer.
All extractions were examined for quality and quantity on agarose gels, before being used as
templates for PCR.

2.4 PCR - screening

PCR amplifications with the Matis-produced T.,-polymerase were performed with initial
denaturation at 94°C for 4 min, 30 amplification cycles of 94°C for 50 s, 57 or 70°C for 50s
and 72°C for 1min per 1 kbp of the predicted product size, and a final extension step for 7 min
at 72°C. Three primer pairs were used for the screening and were designed according to the
reference sequence of Thermus antranikianii (strain 2120).

As shown in Figure 4, the primers Poll11F/Pol11R (5’- GGAGGGGTTTGAACTCCACTAC-
3’; 5-  TCATGCCTCCTCCCACGG-3’), Ta-57°C;  Pol320F/Poll1170R  (5’-
ACTGGCCCACCAGGTGCTTC-3’; 5°- TCCTCCTTGCCCACCTCTTC-3"), Ta-57°C; both
pairs were used for the detection of the Thermophi gene. The primers Tphi_tspF1/Tphi_tspF1
(5’- GGCCACGCCGTGGGAGGAG-3’; 5’- CCCTTGCCCTCGTGGTAGAAGAC-3’), Ta-
70°C, were used to amplify the region between the Thermophi-gene and the transposase gene.

1 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,713
polll_F pol320F pol1170R Tphi_tspF1 polll R Tphi_tspR1

' | —

J ]

Thermophi Polymerase Transposase

Figure 4. Primer design, based on the reference-sequence of T. antranikianii strain 2120. The primer-
pairs and the predicted product sizes Poll11F/Pol11R (Pair 1 - 1681 bp) and Pol320F/Pol1170R (Pair
2 - 850 bp) are located within the Thermophi-gene. The third primer-pair Tphi_tspF1/Tphi_tspR1
(Pair 3 - 1566 bp) indicates the linkage of both genes, closely located on the chromosome.

2.5 Sequence analysis

Nucleotide sequences were determined with an Applied Biosystems 3730 DNA analyzer and
the BigDye terminator cycle sequencing kit. PCR amplifications of the genes were performed
with Tee-polymerase (Matis). PCR products were treated with Exo-Sap-It™ (Amersham
Biosciences) prior to sequencing. Thermophi PCR-screening products were sequenced using
Poll1R for the first primer-pair and Poll170R for the second. Sequence analysis was
performed using Geneious 4.8 (Drummond et al., 2010).

2.6 16S rRNA based phylogenetic analysis

Bacteria specific primers were used for the SSU rRNA gene and amplified with Teg-
polymerase (Matis). The positions on the gene are based on the E. coli SSU rRNA sequence
number, as described in Skirnisdottir et al. (2000): F9 (5’-GAGTTTGATCCTGGCTCAG-3’;
E. coli positions 9 to 27) and R805 (5’-GACTACCCGGGTATCTAATCC-3’; 805 to 785).
The primer for the sequencing reaction was R805.

Subsequent classifications with the obtained 16S rRNA sequences were performed using the
NCBI-Blast (Sayers et al., 2010) and aligned together with other SSU rRNA sequences of the
Thermus group, obtained from NCBI-database. The GenBank accession numbers are as



follows: T. scotoductus 1T252 (AF032127), T. islandicus PRI-2268 (EU753248), T. aquaticus
YT-1 (TTHYT1), T. thermophilus HB8 (X07998), T. igniterrae RF-4T (Y18406), T.
brockianus 15038T (Y18409), T. antranikianii HE-5 (Y18412), T. oshimai SPS-17T
(Y18416). Evolutionary distances were computed from pairwise identity using the Tamura
Nei correction. The software package Geneious was utilized to construct the phylogenetic tree
by the neighbor-joining algorithm.

2.7 Phylogenetic studies of PollI polymerases

Three different subgroups of Poll (Family A) polymerases were compared; Poll A, Poll C and
Poll Aquificae like. The amino sequences were obtained from the NCBI-database of different
organisms with the following GenBank accession numbers: Clostridium bolteae
(ZP_02085015), Thermotoga neapolitana (ACM?23015), Escherichia coli (AAA24402),
Deinococcus  radiodurans  (1922368A), Thermus aquaticus (1TAQ_A), Thermus
thermophilus (YP_144320), Lyngbya sp. (ZP_01624319), Plasmodium falciparum
(XP_001348285), Toxoplasma gondii (ACNS59873), Theileria annulata (XP_954352),
Babesia bovis (XP_001610510), Clostridium sp. (ZP_05130182), Hydrogenobaculum sp.
(YP_002121207), Agquifex aeolicus (DPO1_AQUAE), Sulfurihydrogenibium  sp.
(YP_001930793), Hydrogenivirga sp. (ZP_02179064), Rubrobacter xylanophilus
(YP_645884), Gemmata  obscuriglobus  (ZP_02730163), Meiothermus  silvanus
(ZP_04036592), Desulfitobacterium hafniense (YP_520594), Clostridium hathewayi
(ZP_06409803), Cyanothece sp. (YP_001806245), Cyanothece sp. (ZP_03156829). The
phylogenetic tree is based on the neighbor-joining algorithm with the Tamura Nei correction.

3. Results

3.1 PCR-screening for Thermophi gene in Thermus

Two primer pairs were used in the screening for the presence of Thermophi in different
Thermus strains. One primer pair (Pair 1) was based on Thermophi regions that were located
in conserved regions in all Poll sequences. The other pair (Pair 2) was based on non
conserved regions but unique to Thermophi sequences.

25 of 96 strains were positive (Tab. 2) for the Thermophi gene as judged by the primer
specific PCR-product bands on agarose gels (Fig. 5). The Pair 2 (Pol320F/Pol1170R) showed
50% more positives than Pair 1 (Pol11F/Pol11R). The assumption was that positives using
primer Pair 2 resulted in unspecific annealing. This could be demonstrated by sequencing the
PCR products.

3.2 PCR-screening for Thermophi polymerase, transposase linkage
In order to demonstrate that the Thermophi gene might be part of a transposon, the primer
pair (Pair 3) was designed to evidence the close proximity to the transposase gene. Almost all
the same strains, that seem to contain the Thermophi gene, display the transposase linkage as
shown Figure 5. However, evidence was not found for the strains 872, 2102 and 2103, that
seem to lack the linkage or cannot be screened with the same primers (Tab. 2). At least five
strains (140, 206, 210, 211, 2130; all T. brockianus) also indicated, remarkably, a shorter
region between the genes, what might indicate a different genotype or structure of the
transposon perhaps with fewer direct-repeats.
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Figure 5. Agarose gel images that show the results of PCR-screenings. On the left (A) positive strains
for Thermophi-gene screening is displayed. Few negative strains show small unspecific products, but
varying clearly in length from the predicted product. The right side (B) displays the Thermophi-
transposase linkage screening results with the predicted band sizes. But there are positive strains,
whose amplification products seem to differ (red arrows) and are shorter than predicted.

Table 2. List of the positive strains, which showed the expected PCR product.

Positive strains

Thermophi- 140 206 210 211 338 791 872 1251 2102 2103 2105 2108 140
gene
2120 2129 2130 2132 2134 2135 2137 2139 2153 2154 2797 2811 2120

Transposase- 140 206 210 211 338 791 - 1251 - - 2105 2108 2117
linkage
2120 2129 2130 2132 2134 2135 2137 2139 2153 2154 2797 2811




3.3 Sequence analysis of PCR products

The obtained product sequences from both tested primer pairs (Pair 1, Pair 2) were aligned
with the Thermophi-gene reference sequence of strain 2120 (7. antranikianii), shown in
Figure 6. For Pair 1 the sequence reaction starting-primer was Poll1.R, for Pair 2 it was
Pol1170.R in order to get an overlapping region of both sequences. All strains with positive
PCR result (Pair 1) had genes highly similar to the reference gene, whereas this was not true
for sequence products obtained using Pair 2.

Products of Pair 2 were obtained from five strains could not be aligned to the reference
sequence. Those five strains, however, gave also no amplification products with the other
primer pair (Pair 1). Sequencing and subsequent analysis revealed that the same sequence,
different to Thermophi, was amplified in these five strains. Using the Blast, a high similarity
with a transport-permease protein (not shown) in the 7. thermophilus genome (strains HBS,

HB27) was found

810 820 830 840 850 860 870 8 890 900
Thermophi_2120 [CTCGGAACAGGTGGCCTACGCCG[HECTTGACGCGGRSEGTGIC CRC T[EIERRERC C TIET AC[GGGAGCRAGAEIGIEARNIC GGG CRCIIGHRC CIRT[SING G C T/r]
2108 - PolI170.R e CcGIECTTGACGCGGRTEG TGRIC CICC T[ShCRIC C TIITACIEGGGAGCRAGA] [elelc CERT[eXelG G C T
2120 - Pol1170.R [JéCTTGACGCGGEISISG T GEIC CEIC T[EIeRUIIN C C T[&T A C[8GGGAGCHRAG INCCEE TG G C 1T
2102 - Pol1170.R ——C——T——CG— [elelc CLT(elelG G C Tim|
2134 - Pol1170.R 1C CICC T[ep C——CG— [elelc CLTIeelG G C TT|
2135 - Pol1170.R 1C CICC T[HEIRC C T[ET ACIIGGGAGCH [eleiC CLRTIe[e/G G C T
2132 - Pol1170.R CCT@C——-CG [elelC CIT(elelG G C Tim|
2137 - Pol1170.R 1C CIEC T[eh C——CG— [elelC CINZT[elelG G C TIT|
2105 - Pol1170.R {C CICC T[ehdeIeBC C TIIT A CIEG GG AG CRIA G ARIGHAA] (C CIaT[elelG G C T/
140 - Pol1170.R GCCT (Sl - C T TACIIGGGAGCRIAGALIGIIALRIC G G G CRCIGEHC CLETIIEG G C T}
791 - Pol1170.R jCCIEC TRYeRREI¥C C TRIT AClEGGGAGC] A[ERIC G G G CIICIYIGIetelC CENITIe[elG G C /]
211 - Pol1170.R [c clEC T CHCGC BC GGGl [S€C 2 G GleleIe -
2117 - Pol1170.R 8T ACIHGGGAGC] [C GGG CRICEIGERC CId TG G C T
2129 - Pol1170.R [C[EGGGAGCE AIAG BCleIGlele!C C- B T[eJelG G C T/T]
2797 - Pol1170.R
206 - Pol11.R
1251 - Pol11.R
2120 - Pol11.R
338 - Pol11.R
791 - Pol11.R
872 - Pol11.R
2117 - Pol11.R
140 - Pol11.R
210 - Pol11.R
2103 - Pol11.R
2132 - Pol11.R
2102 - Pol1l.R
211 - Pol11.R

Figure 6. Alignment of the sequenced PCR products obtained with the primers Poll11.R (for Pair 1)
and Pol1170.R (for Pair 2) with the Thermophi-gene reference sequence (7. antranikianii 2120). It
gives proof for the presence of the gene within the strains. Black block and white letter means 100%
similarity between the sequences; dark-grey block and white character 80 to 100%; grey block and
black character 60 to 80%; white block and grey character less than 60%. There are more ambiguities
at both ends of the obtained sequences due to weak sequencing signals. The alignment is continued on
page 10, 11 and 12.
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960 970 980 990 1,000

ICGTGGATGGAGETTMEGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
[CGTGGATGGAGETTINNGGGGGTGCECTTCGECCCGGAACTCTGGGAGE]
[CGTGGATGGAGCTTIHEGGGGGTGCECTTCGECCCGGAACTCTGGGAGE]
JCGTGGATGGAGETTISNGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
[CGTGGATGGAGETTISNGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
[CGTGGATGGAGETTINIGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
ICGTGGATGGAGETT)¥NGGGGGTGCIECTTCGECCCGGAACTCTGGGAGG
ICGTGGATGGAGCTTI¥NGGGGGTGCECTTCGRCCCGGAACTCTGGGAGG
[CGTGGATGGAGETTIRNGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
(CGTGGATGGAGCTTIHEGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
ICGTGGATGGAGETTEVIGGGGGTGCECTTCGRCCCGGAACTCTGGGAGG]
ICGTGGATGGAGHT T[MEGGGGGTGCHCTTCGECCCGGAACTCTGGGAGG
[CGTGGATGGAGETTIHEGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
(CGTGGATGGAGCTTIEGGGGGTGCECTTCGECCCGGAACTCTGGGAGG]
[GGRCGTGGATGGAGET TINIGGGGGTGCECTTCGRCCCGGAACTCTGGGAGG]

910 920 930
~ y

CTIEGAGGTMGGAGCIE]]
THGAGGTMGGAGCAC]
ccTlfcaccTccaccl)
[cCTpicAcCTRGCACCACCGC]
[coTpicaccTRGCAGCACECGC]
BcACGTMGGAGCACH

[GAGARGGT]
[GAGARGGT]

MGAGGTEGGAGCACE
CCTIEGAGGTRGGAGCI
CCTRGAGGTRGGAGCACRCGCG]
[cCACRCGCGl

[GAGARIGGT]
GaGAlGGT]

1,010 1,020 1,030 1,040 1,050 1,060 1,070 1,080 1,090 1,100
n ~ 5 ~ ~ s h

~

B CCAGGGAAGCGGAACGGGAGGCGEAAGMCCCTACGCGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
AGGCCGRICCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
AGGCCGRICCAGGGAAGCGGAACGGGAGGCGEAAGRCCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
AGGCCGRICCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
GRCCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
GGCCGRICCAGGGAAGCGGAACGGGAGGCGEAAGRCCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG
AGGCCGRICCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
ICCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGARCTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG
GGCCGRICCAGGGAAGCGGAACGGGAGGCGIAAGRCCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG)
AGGCCGRICCAGGGAAGCGGAACGGGAGGCGEAAGMCCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
CGRICCAGGGAAGCGGAACGGGAGGCGINAAGEICCCTACGCGIEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG
AGGCCGEICCAGGGAAGCGGAACGGGAGGCGEGAAGECCCTACGCGIEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG
[AGGCCGRICCAGGGAAGCGGAACGGGAGGCGRIAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]
[AGGCCGEICCAGGGAAGCGGAACGGGAGGCGEAAGRCCCTACGCGEGGAACTCCCCTTCGGGGTGARCTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG

AGGCCGRCCAGGGAAGCGGAACGGGAGGCGGAAGRCCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG
[CCAGGGAAGCGGAACGGGAGGCGGAAGRICCCTACGCGEGGAACTCCCCTTCGGGGTGAACTGGAACAGCCCCGCCCAGGTGCTGGCCTACCTG]

> £ ES > > 3
[2] [ [ [
Q| Q| Q| Q|
Ie) I} I} I}
Q o o ol

[2) [2) Q) Q

1,1‘10 1‘1‘20 1,1‘30 1,1‘40 1.1‘50 1,{60 1‘1‘70 1 1‘80 1 1‘90 1.25)0
[AAGGGGGAGGGITTGGAC TECCCGACACCCGGGAGGACACCCTGGCCGGCTACCGGEAGCACCCCCTGGTGGCCAAGCTCCTCCGGTACCGGGARGCGE]
AAGGGGGAGGGITPTTGGACCTECCCGACACCCGGGAGGACACCCTGGCCGGCTACCGGGAGCACCCCCTGGTGGCCAAGCTCCTCCGGTACCGGGAAGCGG
27 GCCCGACCOITTCGARC TECCCGACACCCGGGACGACACCCTEGCCGGCTACCGOCAGCACCCCCTGOTGGCCARGCTCCTCCGOTACCCGGARGCGT]
AAGGGGGAGGGEETGGAECCTECCCGACACCCGGGAGGACACCCTGGCCGGCTACCGGGAGCACCCCCTGGTGGCCAAGCTCCTCCGGTACCGGGAAGCGG
R GGCCGAGGOEETCGARC TCCCGACACCCGGGAGGACACCCTCGCCGGCTACCGGGAGCACCCCCTGGTGGCCARGCTCCTCCGGTACCGGGARGCGE]
[A2GGGGGAGGGIEISTGGACC TICCCGACACCCGGGAGGACACCCTGGCCGGCTACCGGGAGCACCCCCTGGTGGCCAAGCTCCTCCGGTACCGGGAAGCGG
[AAGGGGGAGGGTTTGGARMCTECCCGACACCCGGGAGGACACCCTGGCCGGCTACCGGGAGCACCCCCTGGTGGCCAAGCTCCTCCGGTACCGGGAAGCGG
R GGGCGAGGOEETCGALC TCCCGACACCCGGGAGGACACCCTCGCCGGCTACCGGGAGCACCCCCTGGTGGCCARGCTCCTCCGGTACCGGGARGCGE]

1210 1,220 1,230 1240 1250 1,260 1270 1,280 1,290 1,300
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATIICACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]
[CCARGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG]
[CCARGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATIHCACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATIICACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATIICACCCTTCCTGGCAACAGATAGGGGCGGARACGGG]
[CCARGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATICACCCTTCCTGGCAACAGATAGGGGCGGARACGGG
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATIICACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG]
[CCARGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGHICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGARACGGG
CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGINCGCATINCACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG
[CCAAGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]
[CCARGCGGGTGAGCACCTACGGGAAGGAGTGGGCCAAGCACCTGAACCCGGCCACGGGIICGCATINCACCCTTCCTGGCAACAGATAGGGGCGGAAACGGG]

Figure 6. Continued.
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1,310 1,320 1,330 1,340 1,350 1,360 1,370 1,380 1,390 1,400

CCGCATGGCHMTGCCG[§AAGCCCAACCTICAGCAGGTGCCCCGGGAWCCCGCCCTGHGAAGGGCMT TCCGEC ChliWNeGAGRG Glefsec G T[S T[E§C TCAAGGC

CCGCATGGCMTGCCGEAAGCCCAACCTICAGCAGGTGCCCCGGGANCCCGCCCTGIGAAGGGCEMT TCCGEC CNNNEGAGRG GIESEc G T TIEC TCAAGGC
CCGCATGGCHMTGCCGEAAGCCCAACCTHCAGCAGGTGCCCCGGGARMCCCGCCCTGRIGAAGGGCSTTCCGGC ChwWNeGAGHG GlefslelG G T[N T[eC TCAAGGC
CCGCATGGC[ETGCCGMAAGCCCAACCT[MCAGCAGGTGCCCCGGGAMCCCGCCCTGMGAAGGGCMTTCCGEC Clddd AR [« G

[CCGCATGGC[ITGCCGIYARGCCCAACCTIYCAGCAGGTGCCCCGGGACCCGCCCTGUGAAGGGCIYTTCCGEC ClfduelG A G
[CCGCATGGCITGCCGIJARGCCCAACCTIYCAGCAGGTGCCCCGGGACCCGCCCTGUGAAGGGCIITTCCGEC Cleldly
[CCGCATGGCIITGCCGIJAAGCCCAACCTIJCAGCAGGTGCCCCGGGACCCGCCCTGUGAAGGGCIYTTCCGEC ClHAUeG AC]
[CCGCATGGC[ITGCCG[JARGCCCAACCTIICAGCAGGTGCCCCGGGACCCGCCCTGUGARGGGC[TTCCGEC Cleldy
[CCGCATGGC[TGCCGIYARGCCCAACCTIYCAGCAGGTGCCCCGGGACCCGCCCTGUGARGGGCYTTCCGEC ClHYYG ACH
[CCGCATGGCITGCCGIJARGCCCAACCTIYCAGCAGGTGCCCCGGGACCCGCCCTGEGARGGGCIYTTCCGGEC Cleldly
[CCGCATGGCHTGCCGIIAAGCCCAACCTIICAGCAGGTGCCCCGGGARCCCGCCCTGIIGAAGGGCYTTCCGEC ClER
[CCGCATGGCIITGCCGIJARGCCCAACCTIICAGCAGGTGCCCCGGGACCCGCCCTGHGAAGGGCIITTCCGGC CldduelG AG]

[SENNC CT[efs T[S
CAA| C|

(GGG G TiedTI§C TCAAGGC]

[CCGCATGGCHTGCCOlARGCCCARCCTMCAGCAGCTGCCCCGGCARCCCGCCCTOMGARGCCOMTTCCGEC CRUNREc A ClG Gl cC T T TeanGGC]
[CCGCATGGCTGCCAARGCCCAACCIIICAGCAGETGCCCCGGGAMCCCGCCCTOECAAGCCCETTCCCEC CMeNGAG AEEC C
[CCGCATGCCETGCCCNARGCCCAACCTIICACCAGCTCCCCCGCCAlCCCGCCCTOMGAACCCCTTCCCEC Ty ARG C
CIRI8C CCClgNE - [HeC  AHEHC CHRINXIEe

C A ARG C

TG C CEE C 2 C Y]

sca

[E6C ¢ CEEEC Al

[ - € C C CEE C » BN

X C Gl C A X

1,410 1,420 1,430 1,440 1,450 1,460 1,470 1,480 1,490 1,500
H H H H

CGACTTCTCCCAGATTGABCTICGGATTGCCGCCGCCATAGC CRVAGG ABEGGGC GGAT GMIC TINEIIGC GIETCCGGGAGGGGAAGGACC TICACGCCCTCA]
[CGACTTCTCCCAGATTGARCTIICGGATTGCCGCCGCCATAGC CLYAGG ARIEIGCGC GCAT CRIC TINEEIGC G TCCGCGAGGGCARGGACC TMCACGCC]
[CGACTTCTCCCAGATTGACTIICGGATTGCCGCCGCCATAGC CLNNGC AMIECGGCGCATGMC TIINEIIGC G TCCGGGAGCGCAACGACC TCACGCC|
[CGACTTCTCCCAGATTGAINCT[ICGGATTGCCGCCGCCATAGC CINAGC AMECGGCGCATGMC TRINEISGC G TCCGGGAGCGCAAGGACC THCACGCC|
[CGACTTCTCCCAGATTCAINCT[ICGGATTGCCGCCGCCATAGC (MGG AMEGGGCGCATGMC THINEIIGC G TCCGGGAGCGCAAGGACC TICACGCC|
[CGACTTCTCCCAGATTGAINCT[ICGGATTGCCGCCGCCATAGC CLYAGC ARG GGC GG AT GRIC TRINEISGC G TCCGGGAGGGGAAGGACC TIMCACGCC|
CGACTTCTCCCAGATTGAINCT[ICCGATTGCCGCCGCCATAGC CINNGC ARG GGCGCAT GRC TRINEISGC G TCCGGGAGCGCAACGACC TMCACGCC]
CGACTTCTCCCAGATTGAINCT[ICCGATTGCCGCCGCCATAGC CIEGC AMINGGGCGCATCRC TISINNGC C G TCCGGGAGGCGAACGACT]
[CGACTTCTCCCAGATTCACT[ICCGATTGCCGCCGCCATAGC CINNGC ARG GGCGCATGMC TRPNCIdGC G TCCGGGAGCGGAAGGACC TMCACGCC|
CGACTTCTCCCAGATTGAINCTIECGGATTGCCGCCGCCATAGC CIMECGARINGGGCGGATOMC TINNGCGRTCCGGGAGGGGARGGACC TMCACGCC]
[CGACTTCTCCCAGATTGARCTIICGGATTGCCGCCGCCATAGC CINNGC ARG CGCGCATGMC TIINEIIGC G TCCGGGAGCGCAACGACC TWCACGCC|
[CGACTTCTCCCAGATTGAINCTISCGGATTGCCGCCGCCATAGC ClMEGCAMNGGGCGCATGMC TN GC G TCCCGGAGCGCAAGGACC TCACGCC|
[CGACTTCTCCCAGATTCACTIICCGATTGCCGCCGCCATAGC CINAGC AMEGGGCGCATGC TIINEIdGC G TCCGGGAGCGCAAGGACC TMCACGCC|
CGACTTCTCCCAGATTGAINCTECGGATTGCCGCCGCCATAGC CIMEGGARINGGGCGGATCMC TSN GCGRTCCGGGAGGGGARGGACCTMCACGCC]
CGACTTCTCCCAGATTGAINCTISCCGATTGCCGCCGCCATAGCCl G GGCCGATGEC T[N G I TCCCGGAGGGGAAGGACCTNCACGCCCTCA|
JCGACTTCTCCCAGATTGAINCT[ICGGATTGCCGCCGCCATAGC ClM8GC ARG GGCGCATCRMC TN GC G TCCGGGAGCGGAAGGACC TCACGCCCTCA]
CGACTTCTCCCAGATTCAINCT[SCCGATTGCCGCCGCCATAGC CINNGC AMEGGGCGCATGMC TIINEIdGC G TCCGGGAGCGCAAGGACC TMCACGCCCTCA|
CGACTTCTCCCAGATTCACTICGGATTGCCGCCGCCATAGC CLNGCAMECGGCGCATOMC TINIGC G TCCGOGAGCGGARGGACC TMCACGCCCTCA]
[CGACTTCTCCCAGATTGAIECTIICGGATTGCCGCCGCCATAGCCEVAGGARIEGGGCGGATGRIC T[H:NeJelGCGET CCGGGAGGGGAAGGACC T[MCACGCCCTCA]
JCGACTTCTCCCAGATTGACTINCGGATTGCCGCCGCCATAGC CRVAGC ARG GGCGCATGMC TIINEIGC G TCCGGGAGCGGAAGGACC IMCACGCCCTCA]
CGACTTCTCCCAGATTCACTIICCGATTGCCGCCGCCATAGC CINAGC AMECGGCGCATGMC TIINEGC G TCCGCGAGCGGAAGGACC TMCACGCCCTCA|
[CGaCTTCTCCCAGATTCACTIICGGATTGCCGCCGCCATAGC CLNNGCAMECGGCGCATOMC TINIIGC G TCCGOGAGCGGARGGACC TIMCACGCCCTCA]
[TCCCAGATTGARCT[EICGGATTGCCGCCGCCATAGC CIMEGGARINGGGCGGATGHIC TIHeFNAGCGITCCGGGAGGGGAAGGACCTMCACGCCCTCA|
[T CCCAGAT TG ALY CTIICCGATTCCCGCCGCCATAGC CIMEGC AMINGCGCGCATCMC TSN C G TCCGGGAGGCGAACGACC TRCACGCCCTCA
[T CCCAGATTCARCTISCCGATTGCCGCCGCCATAGCCINNGCAMEGCGCGCATCC TNeEIGCGRTCCGCGAGGCGAAGGACCTMCACGCCCTCAl
[FCCCACATTCARCTIICCGATTGCCGCCGCCATAGCCINNGCAMECCGCGCATCMC TENIGCGTCCGCGACGGGAAGGACCT[MCACGCCCTCAl
CGGATTGCCGCCGCCATAGCCINUGGARIEIGGGCGGATGRIC THNele/GCGIET CCGGGAGGGGAAGGACCT[MCACGCCCTCA]
[€GGAINNGGGCGGATGH [F WG CGTTCCGGGAGGGGAAGGACCTMCACGCCCTCA

1,510 1,520 1,530 1,540 1,550 1,560 1,570 1,580 1,590 1,600
~ ~ 4 J S 4

S

4 4 ~
CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCAAGGAGGACCGGCAACTGGCCAAGGCGMTGAACTTCGG[ECTTCTCTACGGGCTGGGGGC

[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCAAGGAGGACCGGCAACTGGCCAAGGCGIYTGAACTTCGGIECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCARAGGCGIITGAACTTCGGICTTCTCTACGGGCTGGGGGC
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGIJTGAACTTCGGECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGIITGAACTTCGGECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCARAGGCGIITGAACTTCGGECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGIYTGAACTTCGGICTTCTCTACGGGCTGGGGGC
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGITGAACTTCGGECTTCTCTACGGGCTGGGGGC]
CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCAAGGAGGACCGGCAACTGGCCAAGGCGIMTGAACTTCGGECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCARGGCGIITGAACTTCGGECTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGITGAACTTCGGIICTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCARGGAGGACCGGCAACTGGCCAAGGCGITGAACTTCGGIICTTCTCTACGGGCTGGGGGC
CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCAAGGAGGACCGGCAACTGGCCAAGGCGITGAACTT CGGICTTCTCTACGGGCTGGGGGC]
[CCGCCAGCCTGGTCCTGGGGAAGCCCCTGGAAGAGGTGGGCAAGGAGGACCGGCAACTGGCCAAGGCGMTGAACTTCGGECTTCTCTACGGGCTGGGGGC]

1,610 1,620 1,630 1,640 1,650 1,660 1,670 1,680 1,690 1,700
+ i i ~ ~ ~ 4 i i h
GGAAGGGC TIEENGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCHEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC

[GGAAGGGC TIMEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCHEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC
[GGAAGGGCT[YGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCIEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCTIIGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCRGGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCT[#NGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCHCGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC
[GGAAGGGCT[RIGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCIEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCT[IGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCRCGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCTIIGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCRCGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCTIEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCRGGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCTIHEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCREGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCT[HEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCIHEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCT[MEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCIHEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCCH
[GGAAGGGCTIEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCTCACCCIIGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]
[GGAAGGGCTIEGGAGGTACGCCCTCACCGCCTACGGGGTGAAGCT CACCCHEGAGGAGGCCCAGAAGCTTCGGGACGCGTTCTTCCGGGCTTACCCCGCC]

Figure 6. Continued.
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f f 4 f f f f S s n
[C T[eAAGCGCTGGCACCGGTCCCAGCCHGAGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA)

CT{JAAGCGCTGGCACCGGTCCCAGCCRGAISGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAARGCTCAACA]
[JAAGCGCTGGCACCGGTCCCAGCCH GGGGAGGTGGMGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA)
[EAAGCGCTGGCACCGGTCCCAGCCHGA[IGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA
[AAGCGCTGGCACCGGTCCCAGC CRGAIJGGGGAGGTGGUIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA]
[CT{JARGCGCTGGCACCGGTCCCAGCCRGAIIGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGARARGCTCAACA]
C T[AAGCGCTGGCACCGGTCCCAGCCHGAIGGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA]
[EAAGCGCTGGCACCGGTCCCAGCCHGA[IGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA
CT{JAAGCGCTGGCACCGGTCCCAGC CIGAIYGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA]
[CT{AAGCGCTGGCACCGGTCCCAGCCHGAEGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGARARGCTCAACA]
[CTIAAGCGCTGGCACCGGTCCCAGCCHGA
BAAGCGCTGGCACCGGTCCCAGCCIHGAIIGGGGAGGTGGIIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCTCAACA]
[CT[8AAGCGCTGGCACCGGTCCCAGCCMGAGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGC TCAACA)
[CT[EAAGCGCTGGCACCGGTCCCAGCCIIGAIEGGGGAGGTGGIGGTGAGGACCCTCTTGGGCCGGAGGAGGACCACGGACCGCTACACGGAAAAGCT CAACA]

1,810 1,820 1,830 1,840 1,850 1,860 1,870 1,880 1,890 1,900

i i i S ~ S i i i h
CCCCGGTACAGGGAACCGGGGC[YGACGGGCTCAAGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCEGT]

[CCCCGGTACAGGGAACCGGGGC[IGACGGGCTCAAGATGGCCCTGGCCCTCCTETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGC[EGT]
[CCCCGGTACAGGGAACCGGGGCIJGACGGGCTCARGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCY
[CCCCGGTACAGGGAACCGGGGC[EGACGGGCTCAAGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCIEGT]
[CCCCGGTACAGGGAACCGGGGCIEGACGGGCTCAAGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCEGT
[CCCCGGTACAGGGAACCGGGGC[JGACGGGCTCAAGATGGCCCTGGCCCTCCTETGGGAGARCCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGC[EGT
[CCCCGGTACAGGGAACCGGGGCIIGACGGGCTCARGATGGCCCTGGCCCTCCTIBTGGGAGARCCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCEGT]
[CCCCGGTACAGGGAACCGGGGC[§GACGGGCTCAAGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGC
[CCCCGGTACAGGGAACCGGGGC[JGACGGGCTCAAGATGGCCCTGGCCCTCCTETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCEGT]
[CCCCGGTACAGGGAACCGGGGC[dGACGGGCTCAAGATGGCCCTGGCCCTCCTETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGG]
[CCCCGGTACAGGGAACCGGGGCIGACGGGCTCAAGATGGCCCTGGCCCTCCTIGTGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGCSGT]
[CCCCGGTACAGGGAACCGGGGCIIGACGGGCTCAAGATGGCCCTGGCCCTCCTIETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGC
[CCCCGGTACAGGGAACCGGGGCIIGACGGGCTCAAGATGGCCCTGGCCCTCCTRTGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGC]
[CCCCGGTACAGGGAACCGGGGCIEGACGGGCTCAAGATGGCCCTGGCCCTCCTETGGGAGAACCGGGGCCTACTCTGGGGAGCCTTCCCCGTCCTGGL]

1,910 1,920 1,930 1,940 1,950 1,960 1,970 1,980 1,990 2,000

GCATGACGAGGTGGTGCT[GAGGCCCCCGAGGA[GGGGCCAENGGAGTACCTGGAAERICCCTCACCGCCCTCATGCGCCEYEGGGATGGREYYGAGGTGCTTGG

[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIIGGGGCCAIIGGAGTACCTGGANNCCCTCACCGCCCTCATGCGCCIHEGGGATGGRINEGAGGTGCTTGG
[GCCATGACGAGGTGGTGCTIGAGGCCCCCGAGGAMGGGGCCAISGGAGTACCTCGAARCCCTCACCGCCCTCATGCGCCLYNCGGATCCREINGAGGTGCTTGG
[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIGGGGGCCAIGGAGTACCTGGAAINCCCTCACCGCCCTCATGCGCCINEGGGATGGRINEGAGGTGCTTGG]
[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIGGGGGCCAINGGAGTACCTGGAANCCCTCACCGCCCTCATGCGCCINEGGGATGGRINIGAGGTGCTTGG
[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIGGGGCCAIGGAGTACCTGGAARICCCTCACCGCCCTCATGCGCCINGGGGATGGRINIGAGGTGCTTGG]
[GCATGACGAGGTGGTGCT[EGAGGCCCCCGAGGAMGGGGCCAIGGAGTACCTGGAAINCCCTCACCGCCCTCATGCGCCINEGGGATCGRNEGAGGTGCTTGG
[GCATGACGAGGTGGTGCTIJGAGGCCCCCGAGGAIGGGGGCCAIGGAGTACCTGGAAINCCCTCACCGCCCTCATGCGCCINEGGGATGGRINEGAGGTGCTTGG
[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIGGGGGCCAINGGAGTACCTGGAACCCTCACCGCCCTCATGCGCCIYEGGGATGGRINEGAGGTGCTTGG
[GCATGACGAGGTGGTGCTIIGAGGCCCCCGAGGAIGGGGCCAIIGGAGTACCTGGAARICCCTCACCGCCCTCATGCGCCIHEGGGATGGRINGGAGGTGCTTGG]
[GCATGACGAGGTGGTGCTHGAGGCCCCCGAGGARIGGGGCCAMGGAGTACCTGGAARCCCTCACCGCCCTCATGCGCCINIGGGATGGIYGIGAGGTGCTTGG
[GCATGACGAGGTGGTGCTHGAGGCCCCCGAGGARGGGGCCAIIGGAGTACCTGGAARCCCTCACCGCCCTCATGCGCCINIGGGATGGIYRIGAGGTGCTTGG]
[GCATGACGAGGTGGTGCTIGAGGCCCCCGAGGARGGGGCCAIIGGAGTACCTGGAARCCCTCACCGCCCTCHTGCGCCINIGGGATGGINIGAGGTGCTTGG
[GCATGACGAGGTGGTGCTEGAGGCCCCCGAGGAGGGGCCAGGAGTACCTGGAARICCCTCACCGCCCTCATGCGCCIEEGGGAT GGRINEGAGGTGCTTGG]
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Figure 6. Continued.
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Table 3. Phylogenetic classification based on the 16S ribosomal SSU gene-sequences, compared to
the former classification of Hreggvidsson et al. (2006). Few formerly unclassified strains became
classified, the 7. sp. and some other species classifications changed mostly to 7. brockianus.

Strain Classification in Classification Strain Classification in Classification
Hreggvidsson et al., 2006 by 16S-analysis Hreggvidsson et al., 2006 by 16S-analysis
51 T. oshimai T. oshimai 2111  T. brockianus T. brockianus
52 T. scotoductus T. scotoductus 2115  T. brockianus T. brockianus
74 - T. aquaticus 2117  T. igniterrae T. antranikianii
77 T. oshimai T. oshimai 2118 T. scotoductus T. scotoductus
79 T. brockianus T. brockianus 2120  T. antranikianii T. antranikianii
80 T. oshimai T. oshimai 2121 T. scotoductus T. scotoductus
129 T. brockianus T. brockianus 2122  T. scotoductus T. brockianus
140 T. brockianus T. brockianus 2123 T sp. T. brockianus
154 T. scotoductus T. scotoductus 2124  T. sp. T. brockianus
165 T. igniterrae T. igniterrae 2125 T. scotoductus T. igniterrae
206 T. brockianus T. brockianus 2126 T. scotoductus T. scotoductus
210 T. brockianus T. brockianus 2127  T. scotoductus T. brockianus
211 T. brockianus T. brockianus 2128 T. brockianus T. scotoductus
220 T. oshimai T. oshimai 2129 T. brockianus T. brockianus
252 - T. scotoductus 2130  T. igniterrae T. igniterrae
319 T. brockianus T. brockianus 2131 T. oshimai T. igniterrae
338 T. brockianus T. brockianus 2132 T igniterrae T. igniterrae
339 T. brockianus T. brockianus 2133  T. igniterrae T. scotoductus
340 T. brockianus T. brockianus 2134  T. igniterrae T. igniterrae
346 T. scotoductus T. scotoductus 2135  T. oshimai T. igniterrae
360 T. brockianus T. brockianus 2137  T. igniterrae T. igniterrae
761 T. thermophilus T. thermophilus 2139  T. sp. T. brockianus
781 T. thermophilus T. thermophilus 2141 - T. scotoductus
791 T. thermophilus T. thermophilus 2142 - T. scotoductus
797 T. thermophilus T. thermophilus 2143 - T. scotoductus
862 - T. scotoductus 2144  T. igniterrae T. scotoductus
872 T. thermophilus T. thermophilus 2145 - -
945 - T. thermophilus 2146 - T. scotoductus
1003 - T. brockianus 2147 - T. igniterrae
1087 - T. thermophilus 2148 - T. igniterrae
1251  T. thermophilus T. thermophilus 2149 - T. igniterrae
1262  T. thermophilus T. thermophilus 2150 - T. scotoductus
1270  T. thermophilus T. thermophilus 2151 - T. scotoductus
1285  T. thermophilus T. thermophilus 2152 - T. scotoductus
1318  T. thermophilus T. thermophilus 2153  T. brockianus T. brockianus
1340  T. thermophilus T. thermophilus 2154  T. scotoductus T. scotoductus
1373  T. thermophilus T. thermophilus 2214 - T. brockianus
2100 T. scotoductus T. scotoductus 2443  T. igniterrae T. igniterrae
2101 T scotoductus T. scotoductus 2631  T. scotoductus T. scotoductus
2102  T. scotoductus T. scotoductus 2788 T. brockianus T. brockianus
2103 T brockianus T. brockianus 2789 T. sp. T. brockianus
2104 T. igniterrae T. igniterrae 2790 T. igniterrae T. igniterrae
2105 T. igniterrae T. igniterrae 2791 T igniterrae T. brockianus
2106 T. brockianus T. brockianus 2792  T. igniterrae T. igniterrae
2107 T. igniterrae T. igniterrae 2793 T. igniterrae T. igniterrae
2108 T. scotoductus T. scotoductus 2795  T. sp. T. brockianus
2109 T. scotoductus T. scotoductus 2797  T. brockianus T. brockianus
2110 T igniterrae T. igniterrae 2811 T. scotoductus T. scotoductus
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3.4 Phylogenetic classification

16S rRNA sequences were amplified from all the Thermus strains used in the study. As
expected, all the examined strains belong to Thermus according to the SSU sequence analysis.
Most of the Blast results (> 98 % identity to the database reference) correlate with the former
categorization of Hreggvidsson et al. (2006) and listed in Table 3. 7. thermophilus, T.
scotoductus, T. igniterrae and T. brockianus seem to be subdivided into distinct genetic
clusters, as already mentioned in Hreggvidsson et al. (2006). The 7. sp. cluster can be
classified as T. brockianus with a Blast results identity of >98 %, which is in accord with the
definition of species as proposed by Stackebrandt et al. (2006).

3.5 The distribution of the Thermophi gene

Evidence suggests that the gene for the Thermophi polymerase is present in some strains of
all examined Thermus species except T. aquaticus and T. oshimai. The observed ratio of
positive to negative strains within a genus is on average B=25 % (T. thermophilus 21 %, T.
scotoductus 15 %, (T. antranikianus 100 %, but not statistical significant), T. igniterrae 28 %,
T. brockianus 35 %).
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Figure 7. Phylogenetic relationship of the examined strains. The strains marked red contain the
Thermophi polymerase gene according to the PCR screening.
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4. Discussion

4.1 Thermophi-gene

The Thermophi PCR screening results mapped on the phylogenetic distance tree indicates a
widespread presence of the Thermophi-gene within the Thermus genus. However, the results
show that the distribution is clearly discontinuous, as it is not found in all strains within any of
the Thermus species. The sequence analysis of selected PCR-products confirms the presence
of the Aquificae like polymerase in the strains, showed to be positive by PCR screening. This
does not exclude the possibility that the gene is present in strains shown to be negative by
PCR screening. Additional evidence for the sporadic distribution is best acquired with
southern blot studies.

4.2 Transposon

In the study almost all strains (88%), which were believed to possess the Thermophi
polymerase shown by PCR amplification, also contain the transposase gene in close
proximity. This indicates, but does not prove that the gene is a transposon-encoded
polymerase. The size of the obtained PCR products, the region between the polymerase and
the transposase, was not uniformly 1,6 kbp in length. Five strains seemed to have smaller
PCR products (140, 206, 210, 211, 2130). Interestingly, they all belong to T. brockianus what
might indicate a structural difference and possibly a species originating from a different
geographical region than the bulk of the Icelandic Thermus species/strains. It could be
reflected in fewer repeats and other sequence differences.

4.3 Phylum distribution of Aquificae like PolI polymerases

Polymerase amino acid sequence relation analysis in Figure 8 indicates that the Thermophi
polymerase may have a genetic origin outside of the phylum and might have been acquired by
lateral gene transfer. It shows that the Thermophi polymerase clusters with the distinct group
of Aquificae like polymerases (Family A), the main Poll polymerase in the phylum of
Aquificae, together with similar polymerases that have sporadic distribution in other bacterial
phyla. They are even found in cell organelles of some eukaryotic protozoa species. The E. coli
like Poll C sequences more or less reflect genetic relationships obtained by 16S rRNA
analysis. Thus the primary Poll C of Thermus groups together with the Poll from related
species, as expected. The Agquificae like polymerases are not as universal as the Poll C
polymerases and the phylogenetic relationships disagree with phylogenetic relationships
based on 16S rRNA sequences between the host species.

This may support the hypothesis that this type of Poll polymerases moves by lateral transfer
across species and phylum boundaries. It would be interesting to study the flanking regions of
these polymerases for the evidence of transposase genes or transposon like sequence features.
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Figure 8. Genetic distance tree of type I polymerases (Family A). All three different types form an
own cluster. The Poll A cluster represents the polymerase I of Firmicutes, which was used here as a
distinct out-group. Poll C is the most common Family A polymerase, including the Deinococcus-
Thermus phylum. The Thermophi polymerase is located within the Poll Aquificae like cluster.

4.4 Conclusions

The hypothesis for this study was that the Thermophi polymerase is a transposon encoded
polymerase and can move between strains and species by lateral gene transfer. This
investigation strongly supports the hypothesis. The gene has a sporadic distribution within the
Thermus genus and is associated with transposon like sequences including a transposase gene.
It also shows conserved sequence features of a special type of Poll polymerase that appears to
be the main Poll polymerase in the phylum Agquificae. In addition this polymerase shows
sporadic distribution in other bacterial phyla.

Thermophilic organisms are restricted to small geothermal habitats on a global scale.
Surrounding physicochemical barriers hinder their distribution and may delay migration to
distant habitats. For instance, T. aquaticus has only been found on the North American
continent whereas 7. igniterrae seems to be present only in Iceland and Australia. T.
brockianus has a cosmopolitan distribution. In this case it is noteworthy that the genotypic
variability of T. brockianus isolates is very low compared to other Icelandic species, perhaps
indicating a recent migration to Iceland (Hreggvidsson et al. 2006). In this context it is
interesting to note that the putative Thermophi-transposon sequence might have a different
structure from the corresponding sequence found in other Icelandic Thermus species. It would
be also interesting in this context to analyze the presence/absence pattern of this sequence-
region and its structure in North American 7. brockianus isolates. Similar, further studies
would benefit from including a number of 7. aquaticus strains from North America in order to
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investigate possible geographic influences on the presence/absence pattern of this transposon
and its structure.

However, there are still other Thermus species, from even more distant regions, like 7.
filiformis (only found in New Zealand) and 7. yunnanensis (only found in China). It is clearly
of interest to investigate also these apparently geographically isolated species in relation to
the presence of the Thermophi gene.
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