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Caldilinea tarbellica sp. nov., a filamentous,
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An anaerobic, thermophilic, filamentous (0.45 x >100 um) bacterium, designated D1-25-10-4T,
was isolated from a deep hot aquifer in France. Cells were non-motile and Gram-negative. Growth
was observed at 43-65 °C (optimum 55 °C), at pH 6.8—7.8 (optimum pH 7.0) and with 0-5 g
NaCl ™' (optimum 0 g NaCl I™"). Strain D1-25-10-4" was a chemo-organotroph and fermented
ribose, maltose, glucose, galactose, arabinose, fructose, mannose, sucrose, raffinose, xylose,
glycerol, fumarate, peptone, starch and xylan. Yeast extract was required for growth. Sulfate,
thiosulfate, sulfite, elemental sulfur, nitrate, nitrite and fumarate were not used as terminal electron
acceptors. The G+ C content of the DNA was 61.9 mol%. The major cellular fatty acids of strain
D1-25-10-4" were Cy7.0, C1sg .0, C16:0 and iso-C7.0. The closest phylogenetic relative of strain
D1-25-10-4" was Caldilinea aerophila STL-6-O1T (97.9 % 16S rRNA gene sequence similarity).
DNA-DNA relatedness between strain D1-25-10-4" and Caldilinea aerophila DSM 14535" was
8.7 £1 %. On the basis of phylogenetic, genotypic and phenotypic characteristics, strain
D1-25-10-4" represents a novel species within the genus Caldilinea, class Caldilineae, phylum

Chloroflexi, for which the name Caldilinea tarbellica sp. nov. is proposed. The type strain is
D1-25-10-4T (=DSM 22659" =JCM 16120").

The phylum Chloroflexi is a deeply branched bacterial
lineage that is known from numerous environmental 16S
rRNA gene sequences but contains few cultured represen-
tatives. So far, the phylum comprises six classes:
Anaerolineae, Caldilineae, ‘Chloroflext’, ‘Dehalococcoidetes’,
Ktedonobacteria and Thermomicrobia (Castenholz, 2001;
Cavaletti et al., 2006; Hugenholtz & Stackebrandt, 2004;
Moe et al., 2009; Yamada et al, 2006, 2007). Cultured
members of the class ‘Chloroflexi’ may be able to grow
phototrophically under anaerobic (e.g. Oscillochloris tri-
choides and Chloroflexus aggregans; Hanada et al., 1995a;
Keppen et al., 2000) or aerobic (e.g. Chloroflexus aur-
antiacus, Roseiflexus castenholzii and Heliothrix oregonensis;
Hanada et al., 1995b, 2002; Pierson et al., 1985) conditions.
They may be mesophiles (e.g. Oscillochloris trichoides;

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain D1-25-10-4" is HM134893,

Keppen et al, 2000) or thermophiles (e.g. Roseiflexus
castenholzii; Hanada et al., 2002). In contrast, members of
the five other classes of the phylum Chloroflexi are
considered mesophilic (e.g. Longilinea arvoryzae; Yamada
et al, 2007) or thermophilic (e.g. Dehalogenimonas
lykanthroporepellens; Moe et al., 2009) chemo-organo-
trophic anaerobes, with the exceptions of Caldilinea
aerophila (class Caldilineae, family Caldilineaceae), a
facultatively anaerobic thermophile isolated from a hot
spring sulfur-turf (Sekiguchi et al, 2003), and the aerobic,
thermophilic members of the class Thermomicrobia (Botero
et al.,, 2004; Demharter et al., 1989; Jackson et al., 1973).
Most cultivated thermophilic members of the phylum
Chloroflexi have been isolated from bacterial mats of hot
springs (Botero et al., 2004; Garrity & Holt, 2001a, b,
Hanada et al., 2002; Jackson et al., 1973; Sekiguchi et al.,
2003) and from thermophilically treated sewage sludge
(Dembharter et al., 1989; Yamada et al., 2007).
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We have recently undertaken studies of the microbial
diversity in two deep hot aquifers located in south-west
France (Dax, St Paul-lés-Dax). Both aquifers are of a
meteoric origin (Le Fanic, 2005) and have temperatures up
to 68 °C. Samples were collected under anaerobic condi-
tions from the head pump of Saint-Christophe spring at a
depth of 149 m. At the time of sampling, the water was
60 °C and pH 7.3 and had a conductivity (at 25 °C) of
1458 uS cm ™', Anions in the water were measured by ion
chromatography and cations by inductively coupled
plasma-optical emission spectrometry (ICP-OES). The
water contained (17') 147 mg chloride, 381 mg sulfate,
158.3 mg hydrogencarbonate, 1.6 mg fluoride, 125 mg
sodium, 123 mg calcium, 31 mg magnesium, 26 mg
potassium, 0.07 mg Fe(II) and 0.15 mg ammonium.
Samples were stored in the laboratory at room temper-
ature. Enrichment was performed in Hungate tubes
(Hungate, 1969) containing 500 ml aquifer water and
5 mM acetate, 1 g NH,Cl 17", 20 mM glucose, 0.1 g yeast
extract 17! and 0.04% (w/v) Na,S.9H,O (added from
sterile stock solutions) at 60 °C under a stream of O,-free
N, gas. Positive growth was obtained after 6 months at
60 °C. Subsequent enrichment was performed in Hungate
tubes containing 4.5 ml aquifer water under the same
growth conditions. Cultures were purified by tenfold serial
dilution in roll tubes with medium supplemented with
2.5% agar. Round, white colonies (about 1 mm in
diameter) developed after 2 months. Single colonies were
subcultivated by the process of serial dilution until cultures
were deemed to be axenic. Several filamentous strains
similar in phylogeny, morphology and metabolic profile
from glucose fermentation were isolated. One strain,
designated D1-25-10-4", was used for further character-
ization. Caldilinea aerophila DSM 14535" was obtained
from the DSMZ (Braunschweig, Germany) for compar-
ison, notably under anaerobic conditions.

For routine cultivation, the following basal medium was
used (per litre distilled water): 0.3 g KH,PO, 03 g
K,HPO,, 1g NH,Cl, 1g NaCl, 0.1g KCl, 0.lg
CaCl,.2H,0, 0.5 g MgCl,.6H,0, 0.5 g cysteine hydro-
chloride, 1 g yeast extract, 1 g biotrypticase (Difco), 10 ml
trace element solution (Balch et al, 1979) and 1 ml 0.1 %
resazurin solution. The pH was adjusted to pH 7.2 at 25 °C
with 10 M KOH solution, boiled under a stream of O,-free
N, gas and cooled to room temperature. Aliquots (4.5 ml)
were dispensed into Hungate tubes, degassed under N,/
CO, (80:20, v/v) and sterilized by autoclaving at 120 °C
for 20 min. Prior to inoculation, 0.1 ml 2% (w/v)
Na,S.9H,0, 0.1 ml 10% (w/v) NaHCO; and 20 mM
glucose from sterile stock solutions were injected into the
tubes.

Morphological characteristics and purity were observed by
phase-contrast microscopy (Optiphot; Nikon). For trans-
mission electron microscopy, cell preparations were
negatively stained with sodium phosphotungstate as
described previously (Fardeau et al., 1997). The presence
of spores was checked by microscopic observation.

Pasteurization tests were performed at 80, 90 and 100 °C
for 10 and 20 min.

All experiments were duplicated and growth was tested by
subculturing the isolate at least once using glucose (20 mM)
as the electron donor. To determine growth at pH 5.0-9.3,
the pH of the medium was adjusted at 25 °C with sterile
anaerobic stock solutions of 0.1 M HCl, 10% (w/v)
NaHCO; or 8% (w/v) Na,COs;. To test for NaCl
requirement, NaCl was weighed directly into the tubes to
give final concentrations from 0 to 50 g NaCl 1", The
temperature range for growth was tested between 37 and
80 °C. The substrates tested were ribose, glucose, galactose,
maltose, arabinose, fructose, raffinose, mannose, sucrose,
xylose, lactate, malate, acetate, succinate, fumarate, pyr-
uvate, peptone, ethanol, glycerol (all at 20 mM), formate
(80 mM), xylan (mixture of birch wood and oat spelt;
2g 1Y), starch (10 g 171), Casamino acids (2 g 1™ and
H,/CO, (80:20, v/v, at 2 bars in the presence or absence of
2 mM acetate as the carbon source). The electron acceptors
tested were sodium sulfate (20 mM), sodium thiosulfate
(20 mM), sodium sulfite (2 mM), elemental sulfur
(10 g 17", sodium nitrite (2 mM), sodium nitrate
(10 mM) and sodium fumarate (20 mM), in the presence
of 20 mM glucose as the energy source. The effect of O, on
growth was determined in Hungate tubes containing
anaerobic basal medium supplemented with glucose.
Tubes were inoculated and various amounts of sterile air
were added to the gas phase to obtain final oxygen
concentrations of 0.5, 1, 1.5, 2, 5, 10 and 21 %. Cultures
were incubated at 60 °C at 140 r.p.m. Bacterial growth was
monitored by measuring the increase in optical density at
580 nm by inserting Hungate tubes into the cuvette holder
of a spectrophotometer (Cary 50; Varian). H,S production
was determined photometrically as colloidal CuS by the
method of Cord-Ruwisch (1985). End products of meta-
bolism after 2 weeks at 60 °C were measured by HPLC
(Spectra Series 100 model; Thermo Separation Products)
with an Aminex HPX 87 %300 mm long, 7.8 mm i.d.
column (Bio-Rad) connected to a differential refractometer
(RID-6A; Shimadzu). Analysis was performed using a
CR-6A Shimadzu integrator. The mobile phase was 0.01
M H,SO, and had a flow rate of 0.5 ml min~ ' and the
column temperature was 35 °C. The volume of the injection
loop was 20 ml. H, and CO, were measured using a gas
chromatograph (GC-8A; Shimadzu) equipped with a carbo-
sphere column maintained at 150 °C. The injector and the
catharometer were maintained at 200 °C (Fardeau et al,
1993). Xylanolytic activity was measured as described
previously (Fardeau et al, 1997). Susceptibility to ampicillin,
chloramphenicol and penicillin was tested at 50, 100, 150
and 200 pg ml™".

The composition of fatty acids, G+C content and DNA-
DNA relatedness were determined by the DSMZ
(Braunschweig, Germany). Fatty acid methyl esters were
extracted from fresh biomass of strain D1-25-10-4" and
Caldilinea aerophila DSM 14535" grown in the basal medium
and identified following the procedure recommended by the
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Fig. 1. (a) Phase-contrast micrograph of filamentous forms of
strain D1-25-10-4". Bar, 10 um. (b) Transmission electron
micrograph of a thin section of a cell of strain D1-25-10-4" grown
on glucose, showing the two electron-dense layers of the cell wall.
Bar, 100 nm.

Microbial Identification system (version 4.0, MIS operating
manual March 2001; MIDI). The MIS system was used to
compare the fatty acid methyl ester profiles of strain D1-25-
10-4" and the reference strain with fatty acid patterns stored
in MIDI fatty acid database. DNA was purified by
chromatography on hydroxyapatite by the procedure of
Cashion et al. (1977). G+C content was determined using
HPLC as described by Mesbah et al. (1989). Non-methylated
lambda DNA (Sigma) was used as the standard. DNA-DNA
hybridization analysis was performed as described by De Ley
et al. (1970) with modifications as reported by Escara &
Hutton (1980) and Huf3 et al. (1983) using a Cary 100 Bio
UV/Vis spectrophotometer equipped with a Peltier-thermo-
statted 6 x 6 multicell changer and a temperature controller
with an in situ temperature probe.

For 16S rRNA gene sequence analysis, DNA was extracted
using the Wizard genomic DNA purification kit
(Promega), according to the manufacturer’s instructions.
The 16S rRNA gene was amplified by PCR using the
universal primers 27F (5'-AGAGTTTGATCCTGGC-
TCAG-3'; Escherichia coli positions 8-27) and 1492R
(5'-TACGGTTACCTTGTTACGAC-3'; E. coli positions
1492-1511) (Lane, 1991). Direct sequencing of PCR
products was performed by GATC Biotech. Reference
sequences were obtained from the Ribosomal Database
Project II (Maidak et al, 2001), EMBL and GenBank
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Fig. 2. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences showing the position of strain D1-25-10-4"
within the phylum Chloroflexi. The triangle representing the class ‘Chloroflexi’ represents the sequences of Chloroflexus
aurantiacus J-10-fIT (GenBank accession no. D38365), Chloroflexus aggregans MD-66" (D32255), Oscillochloris trichoides
DG-6" (AF093427), Chloronema giganteum Gnsb-17 (AF345825), Roseiflexus castenholzii HLO8™ (AB041226),
Herpetosiphon geysericola ATCC 23076 (AF039293) and Herpetosiphon aurantiacus ATCC 23779 (CP000875), and
that representing the class Thermomicrobia represents the sequences of ‘Thermobaculum terrenum’ YNP1 (AF391972),
Thermomicrobium roseum DSM 5159 (M34115) and Sphaerobacter thermophilus DSM 20745" (AJ420142). Bootstrap
values (>70%) based on 1000 resamplings are shown at branch nodes. Thermotoga elfi SEBR 6459" was used as an

outgroup. Bar, 5 substitutions per 100 nucleotides.
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databases (Benson et al., 1999). The nucleotide sequence of
the 16S rRNA gene was aligned manually with reference
sequences of various members of the phylum Chloroflexi
using BioEdit (Hall, 1999). Nucleotide ambiguities were
omitted and evolutionary distances were calculated using
the Jukes and Cantor option (Jukes & Cantor, 1969) in
TREECON (Van de Peer & De Wachter, 1997). Phylogenetic
trees were constructed using the neighbour-joining (Saitou
& Nei, 1987), maximum-likelihood and maximum-par-
simony methods. Confidence in tree topologies was
determined by bootstrap analysis based on 1000 resam-
plings (Felsenstein, 1985).

Cells of strain D1-25-10-4° were non-motile, Gram-
negative, anaerobic thermophilic filaments. Their growth
was inhibited after treatment at 100 °C for 20 min. They
did not use O, as an electron acceptor, but tolerated up to
1.5% O, in the gas phase. Cells were approximately
0.45 um in diameter and more than 100 pm long (Fig. 1a).
Electron microscopy revealed a multilayered cell wall
outside the cytoplasmic membrane. The cell wall consisted
of two electron-dense layers and one electron-transparent
layer (Fig. 1b). The isolate grew at 43-65 °C (optimum
55 °C), at pH 6.8-7.8 (optimum pH 7.0) and with 0-5 g
NaCl 17! (optimum 0 g NaCl 17'). Strain D1-25-10-4"

Table 1. Characteristics that differentiate strain D1-25-10-4"
from Caldilinea aerophila DSM 145357

Data were obtained in this study under anaerobic conditions unless
otherwise stated. Both strains grew with 0-5 g NaCl 1™ (optimum
0 g NaCl 17Y) and used ribose, maltose, glucose, galactose, arabinose,
fructose, mannose, raffinose, fumarate, peptone and xylan. Neither
strain was motile* or used lactate, acetate, succinate, pyruvate,
formate, H,, ethanol or Casamino acids. + +, Very good growth
(ODsgp>0.25); +, growth; +, poor growth (ODsgy<<0.15); —, no
growth.

grew with 200 pg penicillin ml™", but not with 50 pg
ampicillin or 50 pg chloramphenicol ml™". Strain D1-25-
10-4" was a chemo-organotroph and used ribose,
maltose, glucose, galactose, arabinose, fructose, mannose,
sucrose, raffinose, xylose, glycerol, fumarate, peptone,
starch and xylan. Yeast extract (0.19%) was required for
growth. Growth was improved by biotrypticase (0.1 %).
Succinate and lactate were the main end products of
glucose fermentation and minor end products were
acetate, CO, and H, (trace). Fumarate was converted to
malate. The following compounds were not used as
energy sources: lactate, malate, acetate, succinate, pyr-
uvate, formate (with or without acetate as carbon source),
ethanol, Casamino acids and H, (with or without acetate
as carbon source). Xylanase activity was shown to be
extracellular. The minimum doubling time using glucose
as energy source was 2lhat55°Cand pH72 with 1 g
NaCll .

The G+C content of the DNA was 61.9 mol%.
Phylogenetic analysis of the almost-complete sequence
(1400 bp) of the 16S rRNA gene of strain D1-25-10-4T
showed its affiliation to the phylum Chloroflexi (Fig. 2).
The topology of the neighbour-joining tree was also
supported by trees generated with the maximum-par-
simony and maximum-likelihood algorithms. The closest
phylogenetic neighbour of strain D1-25-10-4" was
Caldilinea aerophila STL-6-O1" (97.9% 16S rRNA gene
sequence similarity). DNA-DNA relatedness between
strain D1-25-10-4" and Caldilinea aerophila DSM 14535"
was 8.7+1%, which suggested that strain D1-25-10-4T
represented a novel species.

Caldilinea aerophila is considered to be a facultative
anaerobe and has been previously characterized only under
aerobic conditions (Sekiguchi et al., 2003). However,
despite repeated trials, strain D1-25-10-4" never grew
aerobically in our basal medium or in the original medium
described for the cultivation of Caldilinea aerophila
(Sekiguchi et al., 2003). Therefore, to differentiate strain
D1-25-10-4" phenotypically from its closest phylogenetic

Characteristic Strain D1-25-10-4" C. aerophila neighbour, the metabolic properties of both the isolate and
DSM 145357 the reference strain were studied under anaerobic condi-
tions using our basal medium. The results of the
* . . . .
DNA G +C content (m"lf/") 61.9 59.0 phenotypic analysis are presented in Table 1. Strain
Temperature for growth ("C)
Range 43-65 37-65*
Optimum 55 55%
pH for growth Table 2. Major cellular fatty acids of strain D1-25-10-4" and
Range 6.8-7.8 7.0-9.0% Caldilinea aerophila DSM 14535"
3 . X
Optimum 70 7:5-8.0 Values are percentages of total fatty acids and were obtained in this
Electron donors tudy. Fat id ting <3 % of the total t sh
Sucrose i ++ study. ra tY acids represen mg 0 O € total are not snown.
Xylose + ++ . . T .
Malate ~ ¥ Fatty acid Strain D1-25-10-4 C. aerophtlr; DSM
Glycerol + - 14535
Starch + ++ Cis:0 17.12 13.28
Yeast extract + + Ci7:0 30.77 11.66
is0-Ci7.0 10.29 19.17
*Data for Caldilinea aerophila STL-6-O1" determined under aerobic Cis:o 23.38 35.42
conditions by Sekiguchi et al. (2003).
http://ijs.sgmjournals.org 1439
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D1-25-10-4" differed from Caldilinea aerophila DSM
14535 by not using malate and by fermenting glycerol.
Both strains produced succinate, acetate, CO, and traces of
H, as end products from glucose metabolism, but strain
D1-25-10-4" also produced lactate. Neither strain used
sulfate, thiosulfate, sulfite, elemental sulfur, nitrate, nitrite
or fumarate as terminal electron acceptors.

Comparison of the major fatty acids of the isolate and the
reference strain supported the finding that strain D1-25-
10-4" differed from Caldilinea aerophila DSM 14535"
(Table 2). For example, the dominant fatty acid of strain
D1-25-10-4" was Cy;.o (30.77 %), whereas the dominant
fatty acid of Caldilinea aerophila DSM 145357 was Cys.0
(35.42 %). In addition, the obligately anaerobic character
of strain D1-25-10-4" and the facultatively anaerobic
character of Caldilinea aerophila DSM 14535" differen-
tiated these two bacteria.

On the basis of several phenotypic, genotypic, phylogenetic
and chemotaxonomic features that distinguish strain D1-
25-10-4" from its closest phylogenetic neighbour, strain
D1-25-10-4" should be classified in a novel species of the
genus Caldilinea. The name Caldilinea tarbellica sp. nov. is
proposed.

Description of Caldilinea tarbellica sp. nov.

Caldilinea tarbellica (tar.bel'li.ca. L. fem. adj. tarbellica
Tarbellian, here intended to mean belonging to Aquae
Tarbellicae, the Roman name of Dax, referring to the origin
of the type strain).

Cells are anaerobic, Gram-negative, non-motile, non-
sporulating filaments, approximately 0.45 pm in diameter
and over 100 um long. Grows at 43-65 °C (optimum
55 °C). NaCl is not required for growth. The optimum pH
for growth is pH 7.0. Uses ribose, maltose, glucose,
galactose, arabinose, fructose, mannose, sucrose, raffinose,
xylose, glycerol, fumarate, peptone, starch and xylan, but
not lactate, acetate, malate, succinate, pyruvate, formate,
ethanol, Casamino acids or H,. Glucose is fermented into
succinate, lactate, acetate, CO, and traces of H,. The
major cellular fatty acids are C;;.9, Cig.0, Cis.0 and
is0-Cy7.9. The DNA G+ C content of the type strain is
61.9 mol%.

The type strain is D1-25-10-4" (=DSM 22659" =JCM
16120"), isolated from a deep hot aquifer in south-west
France (Dax, Aquitaine Basin).
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