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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 5’ 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.

© 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 reclassified
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-

* Corresponding author. Tel.: +86 (871) 3303083;
Fax: +86 (871) 3801129.

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 five 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. filiformis [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 refined. Phylogenetic
analysis of 16S rRNA incorporating consideration of sec-
ondary structure has been proven to be a powerful tool for
the identification and classification 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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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.

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 refined in variable regions or sign segments
using CLUSTALX [21]. A phylogenetic dendrogram was

Table 1
The genus-specific base substitutes in the 16S rDNAs of the family Thermaceae

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, 5’ ends of the 16S rRNA of all selected strains
were folded by using the free-energy minimization algo-
rithm with the RNAdraw vl.l program [24]. The base
position and helix numbers of Escherichia coli were
adopted from Maly et al. [25].

Goms H6 HSH7 HII _ HI2 HI4HI7 HI8  H21  H22 H23 H24H2S H26  H27H32 H33 H35 H39 H34 H39 Hd4 H45

66 69 103 167 225 241285 291 306 309 342 452 502 507 595-6 644 670 732 679 711 780 828 832 838 851 854 888 998 1041-3 1118 1151 1155 1201 1248 1252 1420 1431 1449 1481 1510
Thermus GGCGCCGCGG C AGCGE G GCCGAACGGGGTGAC €C A G A A A €C CC T G
Meiothernus AG T AGGCT A A C T ATAA T ATTAAGGC CTTATGCGGT A A C A A T T C T A
Marinothernus GG C G CCGC G G C A ACAA T ATCGGGGCCCGG GG GAC T G A A A C T T T C A
OceanothermusGA C G CCGC G G T A ACAA T ATCGAGGCCCGGGAC T A A A C A T T C T A

The underlined letters in bold indicate base substitutions that are genus-specific.
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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-specific
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 differ-
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. filiformis,
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 5’ 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 significant
structural differences 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.
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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. filiformis
6. Helix 6 2[2]16(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]17(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

Fig. 2. Secondary structure model of 16S rRNA of T. rehai 9902 at po-
sitions 38 ~493 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.

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 {}
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Table 2
The genus-specific deletions and species-specific fragments at helices 6, 10 and 17 of the 16S rDNAs in 18 species of four genera in the family Therma-
ceae

Species 70-100°(in helix 6) 213-224(in helix 10) 443-493(in helix 17)

Genus Thermus

T. rehai geegtg----gggaat-Ct------—- cacggtc  gggtttagatcc-"CGCTTc tggGGACGAaagccctgtgta-gggegaTGACGGTACecaGg
T. aquaticus geegtg----gggtat-ct--------- cacggtc gg--titt-gcc-CGCTTc  ccgGGACGAaaccecegatga-ggggacTGACGGTACeggGe
T. thermophilus ~ gccgeg---gggttttact------- -cegtggte gg---ctitgec-CGCTTc  ccgGGACGAaacceecgacga-ggggacTGAcGGTACeggGg
T. igniterrae geegtg---gggtttetca----------- cggtc gg-tgacgagce-CGCTTe  tggGGACGAaagecctgatga-gggggaTGAcGGTACecaGg
T. antranikianii  ggta ggtttatge ctac--cc gegtggatagcccCGCTTce  tggGGACGAaagececcggata-gggggaTGACGGTACCccaGg
T. filiformis getgeg---gggttttact------— ccgtggte geg-tgaagagec-CGCTTc  ccaGGACGAaatccetgatga-gggegaTGAcGGTACtggGg
T. brokianus gecatg---gggttttact-------- ccgtggte ggcgagagt-c—CGCTTc tggGGACGAaageccegatga-gggggaTGACGGTACecaGg

T. scotoductus ggea--—--- ggtttatac-------- ctgt--tc gg-tggatagec-CGCTTc  tggGGACGAaagecctgtgta-gggegaTGAcGGTACccaGg
T. kawarayuensis gccgtg----gggttttcc-------- ca-tggtc gg—ttttacc—CGCTTc  ccgGGACGAaatceetgtgga-gggeecTGAtGGTACeggGg

T. oshimai ggtg gttcgee ac-—-cc gc—caaaagc—CGCTTc  ctgGGACGAaaacceccacaa-ggggacTGAcGGTACcagGg
Genus Meiothermus

Me. rosaceus get gttt-at geag--cc c----ttcgg---CGCTTt tcaGGACGAta---------------- aTGAcGGTACcgaGg
Me. taiwanensis  gct--------- gttttat------- gcag--cC c----ttcgg---CGCTTt tcgGGACGAta-------- ---aTGAcGGTACcgaGg
Me. ruber get gttt-at gcag--cC c----ttcgg---CGCTTt tcgGGACGAta---------------- aTGAcGGTACcgaGg
Me. cerbereus act gtt-cg geag--tt c----ttcgg---CGCTTt tcgGGACGAta---------------- aTGAcGGTACcgaGg
Me. chliarophilus gcc ggtticg geegg-ce c--—-ctcgg---CGCTTg tcgGGACGAtg-------------—-- 2TGAcGGTACcgaGg
Me. silvanus gect--—-—- gatt-cgg--—---- tcagg-ct a--—-tttat-—-CGCTTt aggGGACGAtg---------------- aTGAcGGTACcgtGe

Genus Marinothermus
Ma.hydrothermalis ggggtctttggctttttg-----ctggggectect g-—-cgegage--CGCTTe  ccgGGACGAaageeccetgtttggggegaTGAcGGTACcggGg
Genus Oceanothermus
O. profundus agettgeccggagtcttcggacactggeotaagett  gg—cticgge--CGCTTc  aggGGACGAaaacceege-aa-ggggaalGAcGGTA CectGe

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

Table 3
The main differences in the species-specific region of helices 6, 9, 10, 12 and 17 in the secondary structures of 16S rRNAs in 18 species of Thermaceae
Species He6 H9 H10 HI12 H17

Genus Thermus

T. rehai 92(4)° 11(4) 5(4) 4[31°4{1}93(4) S[212[11]4(6)
T. aquaticus 9(4) 11(4) 4(3) 3[314{1}3(4) S[2]2[12]4(5)
T. igniterrae 9(4) 11(4) 4(5) 2[2]7(9) S[2]2[1114(6)
T. antrankianus 8(4) 11(4) 5(5) 3[314{1}3(7) S[2]2[12]4(5)
T. scotoductus 8(4) 11(4) 4(5) 2[2]7(9) S[2]2[1114(6)
T. filiformis 11(3) 11(4) 4(5) 2[2]7(9) S[2]2[716(6)
T. thermophilus 11(3) 5[215(4) 4(3) 2[2]17(9) S[212[12]4(5)
T. brockianus 11(3) 11(4) 4(4) 2[2]17(9) S[212[12]4(5)
T. kawarayuensis 10(3) 11(4) 4(4) 2[2]7(9) S[2]2[10]5(5)
T. oshimai 6(4) 5[2]5(4) 3(4) 2[2]17(9) S[212[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]16(4) 11(4) 2(4) 2{1}4(8) 5[2]2(10)
M. cerbereus 2[216(4) 5[2]15(4) 2(4) 709) 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) 709) 5[2]2(10)
M. chliarophilus 7(4) 3(5) 8(8) 4(4) 5[2]12{2}2(4)
Genus Marinothermus

M. hydrothermalis 2[2]12[2]3(4) 5[2]15(4) 3(4) 2[2]7(9) S[212[12]4(4)
Genus Oceanothermus

O. profundus 13(5) 11(4) 3(4) 2[2]7(9) S[212[1115(5)

4The number 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.
dThe number in the brackets {} indicates the number of bases in the bulge.


本页已使用福昕阅读器进行编辑。
福昕软件(C)2005-2009，版权所有，
仅供试用。ഀ

本页已使用福昕阅读器进行编辑。
福昕软件(C)2005-2008，版权所有，
仅供试用。ഀ


(€)2005-2008

C. Chen et al. | FEMS Microbiology Letters 221 (2003) 293-298 297

indicates the number of bases in the bulge. By this key, 38
Thermaceae strains are classified 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 differences
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]i This
method was successfully used to identify and classify
Streptomyces, Bacillus siralis and algae [18-20]. William
et al. noted the species-specific regions of 16S rRNA
from 18 strains of four Thermus species [11,12]. In this
paper, the genus- and species-specific 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-specific differences in secondary structure. These struc-
tures are typically different in terms of the number of pairs
in a helix and the number of nucleotides in a loop. Based
on the differences 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 classified 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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