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Abstract

Several yellow-pigmented isolates, with optimum growth temperatures between 55 and 60 °C, were recovered from hot springs in
Central Portugal and the Azores. Phylogenetic analysis of the 16S rDNA showed that these organisms represented a new species of
the genus Meiothermus. The new isolates could be distinguished from other strains of the species of the genus Meiothermus by bio-
chemical characteristics and the fatty acid composition because they had very high levels of iso C15:0 and iso C17:0 and very low
levels of anteiso C17:0 and iso C16:0. On the basis of the results presented here we propose the name Meiothermus timidus for the
new species represented by strains SPS-243T (=LMG 22897T = CIP 108604T), RQ-10 and RQ-12.
© 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The species of the genera Thermus and Meiothermus,
along with the recently described species of Marinither-
mus [1], Vulcanithermus [2] and Oceanithermus [3,4], the
latter of which were isolated from abyssal hyperthermal
vents, currently form the family Thermaceae [5]. The
species Meiothermus ruber was initially included in the
genus Thermus, but the description of other “low-tem-
perature” species, clearly showed that these organisms
belonged to a distinct genus, which was named Meio-
thermus [6]. The species of the genus Meiothermus,
namely M. ruber [7], Meiothermus silvanus [8)], Meiother-
mus chliarophilus [8], Meiothermus cerbereus [9] and

* Corresponding author. Tel: +351 239824024; fax: +351 239826798.
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Meiothermus taiwanensis [10] form, based on 16S rDNA
sequence analysis, a separate line of descent within the
genera of the family Thermaceae with which they share
85.2-86.6% sequence similarity [4,11]. One species
named ““Meiothermus rosaceus”, isolated from hot
springs in China, has not been validly described but ap-
pears to be extremely closely related to M. ruber [12].
The species of the genus Meiothermus have only been
isolated from fresh water heated environments and have
a lower growth temperature range than those of the
genera Thermus, Marinithermus and Vulcanithermus
[1-5,11]. The former have growth temperatures ranges
between about 35 and 68 °C, while the latter grow be-
tween about 40 and 83 °C. Only a few strains of the
genus Thermus possess 3-OH iso- or anteiso-fatty acids,
but 2-OH fatty acids have never been encountered in
strains of this genus [13]. The species of the genera
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Marinithermus [1], Vulcanithermus [2] and Oceanither-
mus [3,4] appear not to possess hydroxy-fatty acids.
However, 2-OH and 3-OH fatty acids have always been
detected in Meiothermus strains [14]. The strains of the
species of the genus Thermus possess one major glyco-
lipid designated GL-1 and a major phospholipid desig-
nated PL-2 [13], although all strains of the species of
the genus Meiothermus examined possess two major gly-
colipid variants on thin-layer chromatography, desig-
nated GL-la and GL-1b, that differ due to the
presence of amide-linked 2-OH fatty acids in GL-la
and amide-linked 3-OH iso-branched or an iso-branched
fatty acid in GL-1b [14]. The species of Meiothermus are
generally red-pigmented, except for the three known
strains of M. chliarophilus, which are yellow-pigmented.
On the other hand, the other genera of the family Therm-
aceae consist of yellow- or non-pigmented strains.

The hydrothermal spring at Sdo Pedro do Sul in Cen-
tral Portugal has yielded many strains of the genus Ther-
mus [5], as well as strains closely related to the type
strain of M. ruber [6]. Recently, we isolated one yel-
low-pigmented strain of the genus Meiothermus that
was clearly distinct from the strains of the other species
of this genus. A few months later we also isolated several
yellow-pigmented strains of the genus Meiothermus
from the Island of Sdo Miguel in the Azores that be-
longed to the same new species. Phylogenetic analysis
of the 16S rRNA gene sequence, physiological and bio-
chemical characteristics clearly indicate that strains SPS-
2437, RQ-10 and RQ-12 belong to a new species of the
genus Meiothermus for which we propose the name
Meiothermus timidus.

2. Materials and methods
2.1. Isolation and bacterial strains

Strain SPS-243T (T = type strain), SPS-217, SPS-241
and SPS-242 were isolated from biofilm samples in the
effluent water of the hot spring at Sdo Pedro do Sul,
in Central Portugal. Samples were transported without
temperature control and filtered the same day through
membrane filters (Gelman type GN-6; pore size
0.45 pum; diameter 47 mm). The filters were placed on
the surface of Thermus medium solidified with agar
[15] or buffered charcoal yeast extract (BCYE) which
is normally used for the isolation and growth of Legion-
ella spp. [16]. Strains RQ-10, RQ-12, RQ-18, RQ-21,
TU-1 and TU-2, were isolated from the Island of Sao
Miguel, in the Azores, by filtering water samples main-
tained for six days at room temperature. Filters were
placed on the surface of Thermus agar. All plates, with
the filters were wrapped in plastic bags and incubated
at 50 °C for up to 4 days. Cultures were purified by
sub-culturing on Thermus medium and the isolates

stored at —70 °C in Thermus medium with 15% (w/v)
glycerol. The type strains of M. chliarophilus ALT-8
(=DSMZ 9957) and M. ruber Loginova 21 (=DSMZ
1279) were used for comparative purposes.

2.2. Morphology, growth, biochemical and physiological
characteristics

Cell dimensions and motility were determined by
phase contrast microscopy during exponential growth
in Thermus liquid medium. The growth temperature
range of the strains was examined by measuring the tur-
bidity (610 nm) of cultures incubated in 300-ml metal-
capped Erlenmeyer flasks, containing 100 ml of Thermus
medium in a reciprocal water-bath shaker. The pH
range for growth was examined at 50 °C as described
previously [8].

Unless otherwise stated, all biochemical and toler-
ance tests were performed, as described previously
[8], in Thermus liquid medium or Thermus agar at
50 °C for up 5 days. Single-carbon source assimilation
tests were performed in a minimal medium composed
of Thermus basal salts with 0.1 g per litre of yeast ex-
tract containing filter-sterilized ammonium sulfate
(0.5g17") and the carbon source (2.0 g1™"). Growth
was examined daily by measuring the turbidity of cul-
tures incubated in 20 ml screw capped tubes contain-
ing 10 ml of medium for a total of 5 days. Positive
and negative control cultures were grown in Thermus
medium and the minimal medium without carbon
source. Anaerobic growth was assessed in cultures
grown in Thermus medium incubated in anaerobic
chambers with an H,/CO, atmosphere (BioMerieux,
Marcy I’Etoile, France).

2.3. Lipid and fatty acid analyse

The cultures used for polar lipid analysis were
grown in 11 Erlenmeyer flasks containing 200 ml of
Thermus medium at 50 °C in a reciprocal water-bath
shaker until the late exponential phase of growth.
Harvesting of the cultures, extraction of the lipids
and single dimensional thin-layer chromatography
were performed as described previously [17]. Lipoqui-
nones were extracted from freeze-dried cells and were
purified by thin-layer chromatography, and separated
by high performance liquid chromatography as de-
scribed previously [18]. Cultures for fatty acid analysis
were grown on solidified Thermus medium, in sealed
plastic bags submerged in a water bath at 50 °C for
24 h. Fatty acid methyl esters (FAMEs) were obtained
from fresh wet biomass by saponification, methylation
and extraction and the fatty acids identified and quan-
tified with the standard MIS Library Generation Soft-
ware (Microbial ID Inc., Newark, DE, USA) as
described by the manufacturer.
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2.4. Determination of G+C content of DNA and 16S
rRNA gene sequence determination and phylogenetic
analyses

The DNA for the determination of the G+C content
of the DNA was isolated as described previously [19].
The G+C content of DNA was determined by high-
performance liquid chromatography as described by
Mesbah et al. [20].

The extraction of genomic DNA for 16S rRNA gene
sequence determination, PCR amplification of the 16S
rRNA gene and sequencing of the purified PCR prod-
ucts were carried out as described previously [21]. Puri-
fied reactions were electrophoresed using a model 310
Genetic Analyzer (Applied Biosystems, Foster City,
Ca.). The quality of 16S rRNA gene sequences was
checked manually using the BioEdit sequence editor
[22] and aligned against representative reference se-
quences of members of the family Thermaceae, obtained
from EMBL, using the multiple-alignment CLUSTAL
X software package [23]. The method of Jukes and Can-
tor [24] was used to calculate evolutionary distances;
phylogenetic dendrograms were constructed using the
neighbor-joining method [25], and trees topologies were
evaluated by performing bootstrap analysis [26] of 1000
data sets using the MEGA2 package [27].

2.5. Nucleotide sequence Accession Nos.

The 16S rRNA gene sequences determined in this
study were deposited in EMBL data library under the
Accession No. SPS-243T  (AJ871168), RQ-10
(AJ871169), RQ-12 (AJ871171), RQ-18 (AJ871170),
SPS-217 (AJ871174), SPS-241 (AJ871172) and SPS-242
(AJB71173).

3. Results
3.1. Isolation of strains

Buffered charcoal yeast extract medium was used to
isolate organisms from biofilms, along runoffs (temp.
49.5°C, pH 8.3) of the hot spring at Sdo Pedro do
Sul, in an attempt to isolate organisms that might not
grow on some of the conventional media used for the
isolation of thermophilic aerobes. All isolates recovered,
during enrichments in BCYE at 50 °C, were subse-
quently found to grow very well on Thermus medium
and did not have a requirement for any of the compo-
nents of this medium. Strains SPS-241 and SPS-242
formed rod-shaped and filamentous cells, and red colo-
nies. Strains SPS-243" and SPS-217 were morphologi-
cally similar, but formed yellow-pigmented colonies. A
large number of isolates from hot springs on the Is. of
Sdo Miguel in the Azores were obtained several months

later after enrichments at 50 °C in an attempt to recover
other yellow-pigmented Meiothermus strains. Several
yellow-pigmented strains, namely RQ-10, RQ-12, RQ-
18, RQ-21, TU-1 and TU-2 were recovered from ther-
mal sites at Ribeira Quente and Furnas, where the water
temperature varied between 47 and 60 °C and the pH
was about 7.3. These organisms possessed nearly identi-
cal fatty acid profiles as well as 2-OH fatty acids and
three strains (RQ-10, RQ-12 and RQ-18) were chosen
for 16S rRNA gene sequence analysis and further
characterization.

3.2. Biochemical and physiological characteristics

Strain SPS-243" had an optimum growth temperature
in the neighborhood of 55-60 °C and did not grow at
70 °C; the other red-pigmented isolates from Sdo Pedro
do Sul had slightly higher optimum growth temperatures
of about 60 °C. The yellow-pigmented strain SPS-217
had an optimum growth temperature around 70 °C.

Table 1
Phenotypic characteristics of the new isolates and their phylogeneti-
cally closest relative Meiothermus chliarophilus

Characteristics®  Strains
SPS-243T  RQ-10 RQ-12 M. chliarophilus™
Pigmentation Yellow Yellow  Yellow Yellow

Presence of:
Catalase + + + —
Oxidase + + + +

Hydrolysis of:
Elastin + + + +
Starch + + + +
Casein + + + +

Reduction of + + + +
NO3 to NO3

Utilization of:
p-Glucose
p-Fructose
D-Xylose
L-Arabinose
p-Trehalose
D-Cellobiose
D-Melibiose
p-Raffinose
L-Rhamnose
Sucrose
p-Sorbitol
D-Mannitol
Ribitol
Glycerol
Pyruvate
Succinate
L-Proline
L-Serine
L-Asparagine
L-Arginine
L-Glutamine

I+ + + | +++ + + + + +
I+ + + |+ ++ + + + + +
I+ + + | +++ + + + + +

+ o+ o+ o+
R A B R I e i T 3

o+
o+ o+

+

& +, Positive result; —, negative result.
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The optimum pH of strain SPS-243" was between 7.0
and 8.0. Strains SPS-243", RQ-10 and RQ-12 were oxi-
dase positive and catalase positive (Table 1). These
organisms, like other strains of the genus Meiothermus,
used carbohydrates, organic acids and amino acids as
single carbon and energy sources, however the carbon
source assimilation patterns were almost identical to
those of M. chliarophilus. Nitrate was reduced to nitrite,
but anaerobic growth in the presence or absence of ni-
trate was not observed.

3.3. Polar lipids, respiratory quinones and fatty acids

The polar lipid pattern of strains SPS-241, SPS-242,
and SPS-2437 was composed of one major phospholipid
(PL-2) and two major glycolipid variants (GL-la and
GL-1b) migrating close to each other on TLC plates;
the polar lipid pattern of strain SPS-217 had only one
glycolipid (GL-1) similar to other Thermus strains (re-
sults not shown). The major respiratory quinone of all

Table 2

strains was menaquinone 8 (MK-8). The fatty acids were
predominantly iso- and anteiso-branched fatty acids; 2-
OH and 3-OH fatty acids were detected in the Meiother-
mus strains. Strains SPS-243" and all the Ribeira Quente
strains had higher levels of iso C15:0 and iso C17:0 and
low levels of anteiso C17:0 and iso C16:0 than the strains
of any of the other species of the genus Meiothermus
(Table 2).

3.4. 16S rRNA gene sequence comparison and G+C
content of DNA

Partial 16S rRNA gene sequences comprising 1455—
1500 nucleotides were determined for strains SPS-2437T,
RQ-10, RQ-12, RQ-18, SPS-217, SPS-241 and SPS-
242. Comparison of these sequences with representatives
of the main lines of descent within the domain Bacteria
indicated that these strains were members of the family
Thermaceae (Fig. 1). Isolate SPS-217 was clearly a
member of the genus Thermus with highest sequence

Mean faty acid composition of the strains belonging to the genus Meiothermus grown at 50 °C

Fatty acids® Percentage of the total in:

M. ruber M. silvanus M. chliarophilus M. cerbereus M. taiwanensis New isolates®
SPS 2437 Azorean strains
(13 strains)® (5 strains) (3 strains) (6 strains) (2 strains) (6 strains)
13:0 Iso 0.6 0.8 1.5 14 0.7 1.3 1.7
14:0 Tso 0.7 0.7 1.7 2.7 0.7 _ 0.5
14:0 0.6 0.3 0.7 - - - 0.5
13:0 Iso 30H 0.4 0.8 - - 1.1 0.5 0.4
15:1 Iso @w9c 2.7 - - 3.8 0.3 - -
15:0 Iso 33.0 25.6 42.1 34.6 38.4 46.5 49.3
15:0 Anteiso 5.5 26.5 8.1 11.1 2.9 3.0 3.3
15:0 1.8 0.4 2.1 1.6 2.0 0.5 1.1
16:1 Alcohol 0.8 - - 1.9 - - -
16:0 Iso 2.9 1.5 2.5 4.0 2.6 0.8 0.6
15:0 Iso 20H 0.7 0.9 0.5 - 0.7 1.1 0.7
16:0 7.6 6.4 9.1 4.5 6.1 6.4 6.8
Unknown diol 1.1 2.5 0.7 - 0.4 - -
15:0 Iso 30H - - 1.0 - - 2.5 29
17:1 Iso @9¢ 6.5 - - 4.8 1.1 - -
17:1 Anteiso w9c¢ 1.0 - - - - - -
17:0 Iso 13.3 10.0 16.4 5.8 17.4 27.6 232
17:0 Anteiso 3.7 6.4 2.7 2.5 2.4 1.8 1.8
17:1 w8c¢ 0.8 - - - - - -
17:1 w6¢ 0.8 1.3 0.7 - 0.3 - -
17:0 0.8 0.3 1.2 - 1.7 0.3 0.5
16:0 20H 0.6 0.5 0.4 - 1.0 - -
17:0 Iso 20H 7.8 9.6 7.3 3.3 12.0 6.9 4.7
17:0 Anteiso 20H 0.4 3.0 0.6 - 0.2 - -
17:0 Iso 30H 1.1 - - 4.7 - 0.8 1.1
19:0 Iso - 2.6 - - - - -
19:0 Anteiso - 1.6 - - - - -
17:0 Anteiso 30H 0.6 - - 1.4 - - -
18:0 Iso diol - 1.6 - - 4.5 1.6 0.7

# The fatty acid composition of the type strain is listed separated from those of Azorean RQ and TU strains.
® Values for fatty acids present at levels of less than 0.5% in all strains are not shown.

¢ Number of strains examined.
9 Not detected.
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100

97

95

Meiothermus taiwanensis DSM 145427 (AF418001)
SPS-241 (AJ871172)
SPS-242 (AJ871173)
“Meiothermus rosaceus” CCTCC AB200291T (AF312766)
9l Meiothermus ruber DSM 12797 (L09672)
Meiothermus cerbereus DSM 113767 (Y13594)
SPS-243T (AJ871168)
100 |> RQ-10 (AJ871169)
RQ-12 (AJ871171)
I- RQ-18 (AJ871170)
Meiothermus chliarophilus DSM 99577 (X84212)
Meiothermus silvanus DSM 99467 (X84211)
Thermus scotoductus DSM 8553T (Y18410)
SPS-217 (AJ871174)
Thermus aquaticus DSM 6257 (L09663)
Thermus thermophilus DSM 579T (M26923)
Thermus filiformis DSM 46877 (L09667)
Thermus oshimai ATCC 7004357 (Y18416)
Vulcanithermus mediatlanticus DSM 14978T (AJ507298)

100 Marinithermus hydrothermalis DSM 14884T (AB(079382)
— Oceanithermus profundus DSM 149777 (AJ430586)
100 = Oceanithermus desulfurans DSM 157577 (AB107956)

0.01

Fig. 1. Phylogenetic dendrogram based on a comparison of the 16S rDNA sequences of strains SPS-243T, RQ-10, RQ-12, RQ-18, SPS-241, SPS-242
and SPS-217 and the representative type strains of the family Thermaceae. The trees were created using the neighbour-joining method. The numbers
on the tree indicate the percentages of bootstrap sampling, derived from 1000 replications. Isolates characterized in this study are indicated in bold.

Scale bar, 10 inferred nucleotide substitutions per 100 nucleotides.

similarity to the type strain of Thermus scotoductus
(98.8%), while the remainder of the isolates represented
lineages of the genus Meiothermus. The pairwise 16S
rRNA gene sequence similarity determined between
strains SPS-241 and SPS-242 was 99.9% with each other
and 98.4-99.8% within the M. ruber/ M. taiwanensis/*“ M.
rosaceus” clade (Fig. 1). The 16S rRNA gene sequence
similarity between strains SPS-243T, RQ-10, RQ-12
and RQ-18 varied from 99.8% to 100%. This group of
strains showed highest pairwise similarity (93.0%) with
the type strain of M. chliarophilus. The G+C content
of the DNA of strain SPS-243" was 65.1 mol%.

4. Discussion

Strains SPS-243T, RQ-10 and RQ-12 clearly belong
to the genus Meiothermus based on the phylogenetic
analysis of 16S rRNA gene sequence, the low growth
temperature range, the presence of two glycolipid vari-
ants and 2-OH fatty acids. The phylogenetic analysis
shows that the new species represented by strain SPS-
243" RQ-10, and RQ-12 is most closely related to M.
chliarophilus although these two species share only
about 93.0% 16S rRNA gene sequence similarity. Two
red-pigmented isolates from the hot spring at Sdo Pedro
do Sul, namely SPS-241 and SPS-242 were most closely
related to the M. ruber/M. taiwanensis/“M. rosaceus”
clade, sharing 98.4-99.8% 16S rRNA gene sequence sim-

ilarity. The two most closely related organisms of this
clade were M. ruber and “M. rosaceus”, which share
99.8% sequence similarity. However, M. rosaceus is re-
ported to have a DNA:DNA reassociation value of
62.9% with the type strain of M. ruber indicating that
this organism represents a distinct genomic species [12].

We initially thought that the yellow-pigmentation of
the M. chliarophilus strains, which have only been iso-
lated from the hot spring at Alcafache in Central Portu-
gal, was not a stable characteristic of this species and
that other strains from different geographical areas
could be red-pigmented, like all other Meiothermus
strains described previously [8-10]. The isolation of
strain SPS-243T from the hot spring at S. Pedro do
Sul indicated that the genus Meiothermus comprises spe-
cies where yellow-pigmentation could be a stable charac-
teristic. The isolation of strain SPS-243" induced us to
attempt to isolate yellow-pigmented Meiothermus
strains from hot springs on the Is. of S. Miguel, at an
enrichment temperature of 50 °C, leading to the isola-
tion of strains belonging to the same species as strain
SPS-243T and the demonstration that yellow-pigmented
Meiothermus strains are more common than previously
expected. It is very likely that yellow-pigmented isolates
of the genus Meiothermus recovered from enrichments
of water samples at 50-60 °C have been overlooked as
belonging to species of the genus Thermus which also
grow at these temperatures. We generally chose red-pig-
mented colonies for further examination of Meiothermus
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spp. after enrichments at these low temperatures and
discarded colonies with the normal yellow Thermus
pigmentation.

The yellow-pigmentation of M. chliarophilus and
strain SPS-243" corroborate the phylogenetic analysis
which indicates that these organisms are more closely re-
lated to each other than to the other species of the genus
Meiothermus. The 16S rRNA gene sequence analysis ar-
gues for the division of the genus Meiothermus into three
genera namely; one that would include M. ruber, M. tai-
wanensis M. cerbereus and “M. rosaceus”, another genus
that includes the species represented by strain SPS-2437,
RQ-10 and RQ-12 and M. chliarophilus, and finally a
novel genus for M. silvanus strains. However, there are
no phenotypic characteristics to distinguish these species
along these ranks that justify such a massive change in
the systematics of these organisms and we will, there-
fore, maintain the genus Meiothermus as defined by No-
bre et al. [0].

Differences in carbon source assimilations, the dis-
tinctive fatty acid composition with high proportions
of iso C15:0 and iso C17:0, yellow pigmentation and
the 16S rRNA gene sequence analysis lead us to propose
the new species Meiothermus timidus for strain SPS-243"
(= LMG 22897 = CIP 108604 ").

5. Description of Meiothermus timidus sp. nov.

Meiothermus timidus (ti'mi. dus. L. adj. timidus, ti-
mid, shy; because only one strain was recovered from
the hot spring at Sdo Pedro do Sul after the isolation
of so many organisms, over several years, from this site).
M. timidus forms rod-shaped cells of variable length and
are 0.5-0.8 um wide. Long filaments are also present.
Gram stain is negative. The cells are non-motile and
spores are not formed. Colonies on Thermus medium
are bright yellow-pigmented and 1-2 mm in diameter
after 72 h of growth. The optimum growth temperature
for strain SPS-243" is about 55-60 °C. The optimum pH
is about 7.5; growth does not occur at pH 5.0 or 10.5.
The major respiratory quinone is menaquinone 8. Gly-
colipid variants GL-1a and GL-1b are present. The ma-
jor fatty acids are 15:0 iso and 17:0 iso; 3-OH and 2-OH
fatty acids are present. Aerobic and heterotrophic. All
strains are oxidase positive and catalase positive. Nitrate
is reduced to nitrite. Degradation of elastin, starch and
casein is positive. Strains SPS-243", RQ-10 and RQ-12
utilize D-glucose, D-fructose, D-melibiose, D-cellobiose,
sucrose, D-trehalose, p-raffinose, p-xylose, L- arabinose,
D-sorbitol, b-mannitol, pyruvate, succinate, L-serine, L-
asparagine, L- arginine, L-glutamine and L-proline.

The DNA of strain SPS-243" has a G+C content of
65.1 mol%. This bacterium was isolated from hot spring
at Sao Pedro do Sul in Central Portugal. The type strain,

SPS-243", has been deposited in the Collection of the
Institut Pasteur, Paris, France, as strain CIP 108604
and in the BCCM/LMG Bacteria Collection, Ghent,
Belgium as strain LMG 22897".
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