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Abstract

The sequences of the 16S rRNA genes from 38 strains of the family Thermaceae were compared by alignment analysis. The genus-
specific and species-specific base substitutions or base deletions (signature positions) were found in three hypervariable regions (in the
helices 6, 10 and 17). The differentiation of secondary structures of the high variable regions in the 5P end (38^497) containing several
signature positions further supported the concept. Based on the comparisons of the secondary structures in the segments of 16S rRNAs,
a key to the species of the family Thermaceae was proposed.
5 2003 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

Since Brock et al. isolated and named the extreme ther-
mophile Thermus aquaticus from Yellowstone National
Park [1], around the world various bacterial strains have
been isolated from many hydrothermal areas with water
temperatures higher than about 55‡C and pH ranging
from neutral to alkaline. On the basis of the phylogenetic
data of 16S rRNA, the growth temperature, polar lipid
pattern and the hydroxy fatty acid composition, Nobre
et al. proposed the new genus Meiothermus reclassi¢ed
from the genus Thermus [2], Rainey and da Costa pro-
posed ‘Thermales ord. nov.’ and ‘Thermaceae fam. nov.’
[3], Sako et al. proposed ‘Marinothermus hydrothermalis
gen. nov., sp. nov.’ [4] and Miroshnichenko et al. pro-

posed ‘Oceanothermus profundus gen. nov., sp. nov.’ [5].
Up to now, the order Thermales consists of only one fam-
ily Thermaceae, which includes four genera: Thermus,
Meiothermus, Marinothermus and Oceanothermus. The ge-
nus Meiothermus comprises ¢ve validly published species:
M. ruber, M. silvanus, M. chliarophilus, M. cerebereus [6],
and M. taiwanensis [7]. Eight species of the genus Thermus
have been validly published: T. aquaticus [1], T. thermo-
philus [8], T. ¢liformis [9], T. scotoductus [10], T. brockia-
nus [11], T. oshimai [12], T. igniterrae and T. antranikianni
[13]. Four species (Meiothermus rosaceus [14], Thermus
rehai [15], Thermus nonproteolyticus [16], Thermus kawa-
rayuensis [17]) have not appeared in the validly published
list (http://www.bacterio.net). The genus Marinothermus
included a species M. hydrothermalis and the genus Ocea-
nothermus included a species O. profundus. The taxonomy
of the Thermaceae remains to be re¢ned. Phylogenetic
analysis of 16S rRNA incorporating consideration of sec-
ondary structure has been proven to be a powerful tool for
the identi¢cation and classi¢cation of microorganisms [18^
20]. In this report, the sequences of the 16S rRNA genes
from 38 strains in the family Thermaceae were compared
and phylogenetically analyzed. Based on the comparison
of secondary structures in hypervariable regions of 16S
rRNAs, a key to the species of this family Thermaceae
has been proposed.
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2. Materials and methods

2.1. Sequence alignment

The 16S rDNA sequences of 38 strains in the family
Thermaceae available in the public database GenBank
were chosen for phylogenetic analysis. Their nucleotide
sequence accession numbers were shown in Fig. 1.
The sequences were aligned to the available sequences in

GenBank using the software BLASTN. The alignment was
then manually re¢ned in variable regions or sign segments
using CLUSTALX [21]. A phylogenetic dendrogram was

generated by the parsimony method contained in the
PAUP [22] and TreeView package [23].

2.2. Construction of secondary structure

To simplify the construction of secondary structure
models, 5P ends of the 16S rRNA of all selected strains
were folded by using the free-energy minimization algo-
rithm with the RNAdraw v1.1 program [24]. The base
position and helix numbers of Escherichia coli were
adopted from Maly et al. [25].
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Fig. 1. Unrooted phylogenetic tree for sequences of the 38 published 16S rRNA genes in Thermaceae. The phylogenetic tree was constructed by the
neighbor-joining method. The scale bar represents one inferred nucleotide change per 100 nucleotides. GenBank accession numbers are in parentheses.

Table 1
The genus-speci¢c base substitutes in the 16S rDNAs of the family Thermaceae

The underlined letters in bold indicate base substitutions that are genus-speci¢c.
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3. Results

3.1. Sequence alignment

By comparison of 38 sequences of the family Therma-
ceae 16S rDNAs deposited in GenBank, 43 genus-speci¢c
base substitution events were found (Table 1). Three hy-
pervariable regions were presented in 38 sequences of 16S
rDNA in the family Thermaceae. The most drastic di¡er-
ences between the species occurred at positions 70^100,
213^224 and 443^493. The obvious changes in the regions
were the deletion events of 7^15 nucleotides (Table 2).
Based on the result of the phylogenetic analysis of the
16S rDNA sequences, the 38 strains could be categorized
into 18 species : T. aquaticus, T. thermophilus, T. ¢liformis,
T. scotoductu, T. brockianus, T. oshimai, T. igniterrae,
T. antranikianni, T. rehai, T. kawarayuensis, M. ruber,
M. silvanus, M. cerebereus, M. rosaceus, M. taiwanensis,
O. profundus, M. hydrothermalis (Fig. 1).

3.2. Secondary structure

The secondary structure of the 5P extremities (38^497)
containing three hypervariable regions (H6, H10 and H17)
of 16S rRNAs from T. rehai was predicted using the free-
energy minimization algorithm with the RNAdraw pro-
gram (Fig. 2). The structures of the other species were
conducted and not shown in this paper. The signi¢cant
structural di¡erences in secondary structures of all above
species appeared in the helices 6, 9, 10, 12 and 17 (Ta-
ble 3).
Based on the helices 6, 10 and 12 in the secondary

structures of 16S rRNAs, a key to the species of the family
Thermaceae was proposed as follows.

In the key, the number without brackets indicates the
number of basepairs in the helix. The number in the
brackets () indicates the number of bases in the apex
loop. The number in the brackets [] indicates the number
of bases in the bubble. The number in the brackets {}

1. Helix 6 6(4) Thermus oshimai
2. Helix 6 8(4)
a. Helix 10 4(5) T. scotoductus
b. Helix 10 5(4) T. antrankianus

3. Helix 6 9(4)
a. Helix 10 4(3) T. aquaticus
b. Helix 10 4(5) T. igniterrae
c. Helix 10 5(4) T. rehai

4. Helix 6 10(3) T. kawarayuensis
5. Helix 6 11(3)
a. Helix 10 4(3) T. thermophilus
b. Helix 10 4(4) T. brockianus
c. Helix 10 4(5) T. ¢liformis

6. Helix 6 2[2]6(4)
a. Helix 12 2{1}4(8) Meiothermus ruber
b. Helix 12 4{3}4(4) M. rosaceus
c. Helix 12 7(9) M. cerbereus

7. Helix 6 2[2]6(5) M. taiwanensis
8. Helix 6 2[2]7(4) M. silvanus
9. Helix 6 7(4) M. chliarophilus
10. Helix 6 2[2]12[2]3(4) Marinothermus

hydrothermalis
11. Helix 6 13[5] Oceanothermus profundus
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Fig. 2. Secondary structure model of 16S rRNA of T. rehai 9902 at po-
sitions 38V493 estimated by the free-energy minimization algorithm.
Position and helix numbers refer to the equivalent region in the E. coli
16S rRNA [25]. Boldface bases refer to the transitional substitutions of
bases between Thermus, Meiothermus, Marinothermus and Oceanother-
mus.
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Table 2
The genus-speci¢c deletions and species-speci¢c fragments at helices 6, 10 and 17 of the 16S rDNAs in 18 species of four genera in the family Therma-
ceae

aNumerals indicate the positions and helix numbers refer to the equivalent region in the E. coli 16S rRNA.
bThe italic and uppercase letters indicate bases that are identical in all species.

Table 3
The main di¡erences in the species-speci¢c region of helices 6, 9, 10, 12 and 17 in the secondary structures of 16S rRNAs in 18 species of Thermaceae

Species H6 H9 H10 H12 H17

Genus Thermus
T. rehai 9a(4)b 11(4) 5(4) 4[3]c4{1}d3(4) 5[2]2[11]4(6)
T. aquaticus 9(4) 11(4) 4(3) 3[3]4{1}3(4) 5[2]2[12]4(5)
T. igniterrae 9(4) 11(4) 4(5) 2[2]7(9) 5[2]2[11]4(6)
T. antrankianus 8(4) 11(4) 5(5) 3[3]4{1}3(7) 5[2]2[12]4(5)
T. scotoductus 8(4) 11(4) 4(5) 2[2]7(9) 5[2]2[11]4(6)
T. ¢liformis 11(3) 11(4) 4(5) 2[2]7(9) 5[2]2[7]6(6)
T. thermophilus 11(3) 5[2]5(4) 4(3) 2[2]7(9) 5[2]2[12]4(5)
T. brockianus 11(3) 11(4) 4(4) 2[2]7(9) 5[2]2[12]4(5)
T. kawarayuensis 10(3) 11(4) 4(4) 2[2]7(9) 5[2]2[10]5(5)
T. oshimai 6(4) 5[2]5(4) 3(4) 2[2]7(9) 5[2]2[13]4(4)
Genus Meiothermus
M. rosaceus 2[2]6(4) 11(4) 2(4) 4{3}4(4) 5[6]5[6]3(15)
M. ruber 2[2]6(4) 11(4) 2(4) 2{1}4(8) 5[2]2(10)
M. cerbereus 2[2]6(4) 5[2]5(4) 2(4) 7(9) 5[2]2(10)
M. taiwanensis 2[2]6(5) 11(4) 2(4) 2{1}4(8) 5[2]2(10)
M. silvanus 2[2]7(4) 8(6) (6) 7(9) 5[2]2(10)
M. chliarophilus 7(4) 3(5) 8(8) 4(4) 5[2]2{2}2(4)
Genus Marinothermus
M. hydrothermalis 2[2]12[2]3(4) 5[2]5(4) 3(4) 2[2]7(9) 5[2]2[12]4(4)
Genus Oceanothermus
O. profundus 13(5) 11(4) 3(4) 2[2]7(9) 5[2]2[11]5(5)

aThe number indicates the number of basepairs in the helix.
bThe number in the brackets () indicates the number of bases in the apex loop.
cThe number in the brackets [] indicates the number of bases in the bubble.
dThe number in the brackets {} indicates the number of bases in the bulge.
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indicates the number of bases in the bulge. By this key, 38
Thermaceae strains are classi¢ed into 18 species.

4. Discussion

In general, phylogenetic analysis using 16S rDNA is
based on the comparison of similarity of the 16S rDNA
molecules. When comparing 16S rRNA sequence data
with those derived from public databases, the main prob-
lem one encounters is how to evaluate sequence di¡erences
and how to derive conclusions about the relatedness of
organisms. This has to be accomplished by using an align-
ment based on secondary structure rather than simply
aligning sequences based on sequence similarity. In major
taxonomic groups, such as the archaeobacteria and the
eubacteria, surprisingly few changes in the secondary
structure occur. Therefore, secondary structure variation
suggests considerable phylogenetic diversity [18]. This
method was successfully used to identify and classify
Streptomyces, Bacillus siralis and algae [18^20]. William
et al. noted the species-speci¢c regions of 16S rRNA
from 18 strains of four Thermus species [11,12]. In this
paper, the genus- and species-speci¢c regions appeared at
same positions of 16S rRNA from 38 strains of three
genera in the family Thermaceae, and among closely re-
lated species it is common to observe the genus- and spe-
cies-speci¢c di¡erences in secondary structure. These struc-
tures are typically di¡erent in terms of the number of pairs
in a helix and the number of nucleotides in a loop. Based
on the di¡erences of the helices 6, 10 and 12 in the sec-
ondary structures of 16S rRNAs, a key to the species of
the family Thermaceae was proposed. Based on the signa-
tures and secondary structures of 16S rRNAs, 38 Therma-
ceae strains are classi¢ed into 18 species, more than 14
validly published species. It is in accordance with the
data listed as taxonomy browser of NCBI (http://
www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi).
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The complete range of published sequences for riboaomal RNA (or rDNA), totalling well over 50,000 bases, has been used to derive refined models for the secondary structures of both 16S and 23S RNA from E. coli. Particular attention has been paid to resolving the differences between the various published secondary structures for these molecules. The structures are described in terms of 133 helical regions (45 for 16S RNA and 88 for 23S RNA). Of these, approximately 20 are still tentative or unconfirmed. A further 20 represent helical regions which definitely exist, but where the detailed base-pairing is still open to discussion. Over 90 of the helical regions are however now precisely established, at least to within one or two base pairs.
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