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The strictly anaerobic Gram-negative bacterium strain Fru22™ grows at 50 °C in
media containing up to 75 g NaCl I-'. Hexoses and pentoses are fermented to
equal molar amounts of acetate, propionate and succinate, and no CO, is
formed. An orange-red pigment similar to flexirubin is produced during
stationary phase upon exposure to light for several days. Cells also produce a
surface-active extracellular compound which lowers the surface tension of the

medium. This tenside is heat-tolerant up to 70 °C and is destroyed by treatment
with proteinase K or trypsin, but not by lipase. Comparative 16S rDNA
sequence analysis confirmed a phylogenetic affiliation of strain Fru22™ to the
phylum Bacteroides (CytophagalFlavobacterium/Bacteroides), moderately
related to the genus Marinilabilia. Therefore, on the basis of phylogenetic,
phenotypic and physiological evidence, a new genus, Anaerophaga, is
proposed to harbour strain Fru22™ (DSM 128817, OCM 798") which is described
as the type strain of a new species, Anaerophaga thermohalophila gen. nov.,

Sp. hov.

Keywords: anaerobic degradation, succinate fermentation, biotensides, carotenoids,
microbially improved oil recovery

INTRODUCTION

Thermophilic (for reviews see Brock, 1986; Blochl et
al., 1995; Stetter et al., 1995) or halophilic (Gilmour,
1990; Ventosa & Nieto, 1995) bacteria have been
investigated in great detail in the past. Extremes under
which life is still possible include temperatures up to
113 °C and salt concentrations up to saturated NaCl
brines. Nonetheless, very little is known about bacteria
able to thrive upon exposure to both stress factors,
elevated temperature and enhanced salt concentration.
Such conditions prevail, for example, in many oil
reservoirs where elevated temperatures are caused by
geogenic heat and salts are dissolved from mineral salt
deposits. Abandoned oilfields provide conditions
where microbes can multiply under anoxic conditions
in the vicinity of oil and salt at elevated temperatures,
in the presence of water that had been injected in
secondary oil exploitation efforts.

The EMBL accession number for the 16S rDNA sequence of Anaerophaga
thermohalophila strain Fru22T is AJ418048.

In tertiary oil recovery, microbes are intentionally
injected into oil wells to increase oil recovery through
effects caused by selective plugging, surface active
compounds, change of fluid viscosity and other factors
(Bosecker et al., 1991). In an effort to provide suitable
organisms for microbially enhanced oil recovery, we
isolated strains of moderately thermophilic and halo-
philic bacteria which could thrive in such environments
and be applied to improve oil recovery. Two such
strains have been described with respect to their
nutritional, morphological and physiological proper-
ties (Denger & Schink, 1995).

In the present paper, one of these isolates, strain
Fru227, is described in more detail, also with respect to
the production of a pigment and of an extracellular
surface-active agent. Based on 16S rRNA sequence
analysis, this strain groups with representatives of
the phylum Bacteroides (Cytophaga/Flavobacterium/
Bacteroides) and is moderately related to a sister
group, the facultatively anaerobic genus Marinilabilia.
We therefore describe this strain as the type strain of a
new genus and species, Anaerophaga thermohalophila
gen. nov., sp. nov.
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METHODS

Culture conditions. A pure culture of strain Fru22™ was
taken from our laboratory collection. The strain has been
deposited with DSMZ (Deutsche Sammlung von Mikro-
organismen und Zellkulturen, Braunschweig, Germany)
under the reference number DSM 12881", and with the
Oregon Collection of Methanogens under the deposition
number OCM 798". Strain Fru22™ and a similar strain,
Glcl2, had been enriched originally from blackish-oily
sedimentary residues of an oil separation tank near Han-
nover, Germany.

The mineral salts medium for enrichment and cultivation
was bicarbonate-buffered (50 mM), cysteine-reduced
(1 mM) and contained, together with other minerals, 75 g
NaCll ' and 40 g MgClL,.7H,O 1! (Denger & Schink, 1995).
The pH was 6:7-6-8. During the enrichment, the medium
received a few drops (50 pl per 25 ml medium) of hexadecane
to provide a lipophilic boundary layer. Subcultures were
inoculated with oily drops from the surface of the preculture.
All details concerning cultivation and physiological charac-
terization have been described by Denger & Schink (1995).

Pigment characterization. Pigments were extracted from
stationary-phase cultures exposed to daylight for 3-5d.
After centrifugation at 20000 g for 20 min at 4 °C, the pellet
was extracted in the dark with acetone [3 ml (g wet pellet)™],
or with an equal volume of hexane. Extracts were subjected
to absorption spectroscopy with a Uvikon 930 scanning
spectrophotometer (Kontron).

Preparation and characterization of tensides. For optimal
production of a surface-active compound (tenside), cells
were grown with 10 mM glucose in the presence or absence
of hexadecane. Changes in the surface tension were mea-
sured with a tensiometer (Lauda TEI1). Possible hydrolysis
by enzymes was checked for by incubation experiments with
proteinase K (from Tritirachium album, 150 pg ml™*; Merck)
or trypsin (from pig pancreas, 150 ug ml™; Merck) in 10 mM
Tris/HCI buffer, pH 8-0, or lipase (from Candida cylindrica,
100 pg ml™; Merck) in 10 mM Tris/HCI buffer, pH 7-5.
Culture supernatant was incubated at 37 °C for 1 h and
surface activity was measured by a test checking for
stabilization of an oil-water emulsion (Denger & Schink,
1995).

For enrichment of the surface-active compound, the culture
supernatant was titrated to pH 2-0 with 25% (w/v) HCIL.
After 14 h incubation at 4 °C, a precipitate formed which
was separated from the supernatant by filtration through
0-45 um membrane filters (Sartorius). After washing with
10 mM HCI, the precipitate was redissolved from the filters
in 10 mM NaOH and dried by lyophilization. After redis-
solution in 10 mM NaOH under sonication (10 min in a
laboratory equipment sonicator bath), further enrichment
was achieved by passage through a Sephadex G25 column in
10 mM NaOH at pH 10-5, with a flow rate of 0-5 ml min™*.
Alternatively, the compound could be enriched by FPLC on
areverse-phase column [RPC column pro 5/10 (Pharmacia);
eluent A, 0-1 %, v/v, trifluoroacetic acid in dist. H,O; eluent
B, 0-1%, v/v, trifluoroacetic acid in methanol; flow rate
0-4 ml min™'). Under these conditions, the tenside eluted at
85-95% eluent B.

Preparations were analysed by separation on SDS-PAGE
(12 or 15% acrylamide, sample buffer 60 mM Tris/HCI, pH
68, 10% glycerol, 2%, w/v, SDS, 0-025%, w/v, bro-
mophenol blue, with and without 5%, v/v, mercapto-
ethanol; after Laemmli, 1970). In addition to the usual
Coomassie brilliant blue staining, gels were stained also by a

technique specific for glycoproteins (Dubray & Bezard,
1982).

16SrDNA sequencing and phylogenetic analysis. In vitro
amplification and sequence analysis of rDNA were per-
formed as described by Springer et al. (1992). The 16S rRNA
sequence of strain Fru22™ (homologous to Escherichia coli
positions 8-1542) was fitted into an alignment of about
20000 homologous full or partial primary structures avail-
able in public databases (Ludwig, 1995) using the respective
automated tools of the ARB software package (Ludwig &
Strunk, 1997). Distance matrix, maximum-parsimony and
maximum-likelihood methods were applied for tree con-
struction as implemented in the ARB software package.
Different datasets, varying with respect to the selection of
outgroup reference organisms (sequences), as well as align-
ment positions were analysed.

RESULTS AND DISCUSSION
Physiological properties

Strains Fru22™ and Glcl2 were isolated as possible
agents for tenside production in microbially improved
oil recovery. Therefore, they were enriched and
selected under conditions of elevated temperature
(50 °C) and increased salinity (7-5 %, w/v). The ability
to thrive under the combined influence of both stress
factors, heat and salinity, is still unusual within the
prokaryotic world and to our knowledge, the com-
bination of both has not yet been reported in the
microbiological literature.

The isolated strains were unusual also in their fer-
mentation patterns (Denger & Schink, 1995). Hexoses
and pentoses were fermented to equal molar amounts
of acetate, propionate and succinate, according to the
following equations:

3C,H,,0, ~2C,H,0; +2C,H,0; +2C,H,0%"

+8H" + 2H,0,
or

9C,H,,0, ~ 5C,H,0, + 5C,H,0; + 5C,H,0%
+20H"+5 H,0

No CO, is released in this type of mixed-acid fer-
mentation.

Upon prolonged exposure of fully grown cultures to
daylight, an orange-red pigment was produced which
could be extracted from cell pellets by acetone or
hexane, indicating that it was a lipophilic component.
Absorption spectra of these extracts showed maxima
at 488 and 518 nm and a further shoulder around
460 nm, typical of carotenoids (Reichenbach et al.,
1974). Carotenoids are known to be produced by
several representatives of aerobic gliding bacteria,
including Flexibacter spp., Cytophaga spp. and several
myxobacteria (Reichenbach & Dworkin, 1981). The
strain described here is the first strict anaerobe pro-
ducing such pigments after the moderately oxygen-
tolerant anaerobe Cytophaga xylanolytica (Haack &
Breznak, 1993). When pigmented cell material after
centrifugation was treated with 10 % KOH the colour
turned dark-red to brownish, similar to flexirubins of
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Fig. 1. PAGE of a purified preparation of extracellular tenside
produced by strain Fru22' after periodic acid-silver staining.
Lanes: A, calibration proteins; B, tenside preparation.

Cytophaga, Sporocytophaga and Flexibacter spp. (Rei-
chenbach et al., 1974 ; Achenbach et al., 1978).

Unfortunately, strain Fru22™ did not grow on agar
surfaces, although the media were poured and stored
in an oxygen-free glove box under a N,/CO, at-
mosphere (90:10, v/v). Thus, we could not check for
possible gliding motility of strain Fru22™. Spore-like
structures or spheres could be observed in ageing
cultures.

Production of a surface-active compound

Surface-active compounds were produced by strain
Fru22® optimally at the end of exponential growth
(Denger & Schink, 1995). This tenside efficiently
stabilized hexadecane/water emulsions. Production
was enhanced in the presence of hexadecane which
provides a lipophilic surface in the culture. The surface
activity was slightly enhanced at pH 2 as compared to
neutral or alkaline pH, indicating that it is an anionic
tenside. The surface-active compound(s) was associ-
ated partly with the cells and cell surfaces, but was also
released into the culture medium ; after filtration, about
two-thirds of the total tenside present was found in the
cell-free filtrate (Denger & Schink, 1995). It was stable
during incubation at temperatures up to 70 °C for
20 min, but was destroyed during incubation at 100 °C.
Treatment with proteinase K destroyed the activity
completely, whereas lipase had no effect. Upon sep-
aration of the enriched compound on SDS-PAGE, the
compound appeared as a single band in the range of
low molecular mass (< 12 kDa, Fig. 1) which stained

well with a periodic acid-silver stain for glycoproteins,
but only weakly with Coomassie brilliant blue R-250.
We conclude that this tenside is an oligopeptide bound
to fatty acids and probably also includes sugar
residues.

Biosurfactants are produced by several bacteria, es-
pecially by those degrading lipophilic substrates. Most
biosurfactant producers are strictly aerobic (Parkin-
son, 1985; Rosenberg, 1986), but also some faculta-
tively aerobic Bacillus strains (Jenneman et al., 1983;
Javaheri et al., 1985) and even strictly anaerobic
bacteria (Cooper et al., 1980) have been reported to
produce surface-active compounds. Biosurfactants are
typically low-molecular-mass compounds, such as
glycolipids, phospholipids or lipopeptides, but poly-
meric substances which stabilize oil-water emulsions
are also excreted by bacteria (Rosenberg, 1986; Desai
& Banat, 1997 ; Rosenberg & Ron, 1999). For technical
application in microbially enhanced oil recovery,
biosurfactants produced by facultatively or strictly
anaerobic bacteria appear to be most promising be-
cause such environments are typically entirely anoxic.
The best studied systems of this kind are lipopeptides
such as surfactin or lichenysin which are produced
by Bacillus subtilis or Bacillus licheniformis (Arima
et al., 1968; Eliseev et al., 1991; Kluge et al., 1989;
Mclnerney et al., 1990; Yakimov et al., 1995 ; Peypoux
et al., 1999; Grangemard et al., 1999). The chemical
properties of a biosurfactant produced by a strictly
anaerobic Clostridium pasteurianum strain have not
been characterized in detail (Cooper et al., 1980). From
the preliminary characterization of the tenside pro-
duced by strain Fru22”, it appears that this compound
can also be classified as a lipopeptide of low molecular
mass which probably also contains at least one sugar
moiety. A more detailed characterization of this
compound would require a separate study.

Taxonomy

As indicated by morphological and physiological
characteristics described by Denger & Schink (1995)
and repeated below in the species description, and
corroborated by phylogenetic analysis of 16S rDNA
sequences, strain Fru22™ is a member of the phylum
Bacteroides comprising Cytophaga, Flavobacterium
and Bacteroides as representative genera. Based on the
similarities of 16S rRNA sequences, the closest rela-
tives of strain Fru22™ are representatives of the genus
Marinilabilia (formerly Cytophaga; Suzuki et al.,
1999). However, overall sequence similarities of
around 91-6 % indicate an only moderate relationship
and justify the proposed establishment of a new genus,
Anaerophaga. As shown in the phylogenetic tree in Fig.
2, these genera share a common origin with Cytophaga
fermentans (Bachmann, 1955). The corresponding
overall 16S rRNA sequence similarities are 87-9—
89:1%. Strain Fru22™ shares several properties with
Cytophaga and Marinilabilia species, e.g. its mor-
phology (thin, slender rods), production of a flexiru-
bin-like pigment and production of sphere-like struc-
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Prevotella melaninogenica

Bacteroides fragilis

Porphyromonas asaccharolytica

Anaerophaga thermohalophila

Rikenella microfusus Marinilabilia salmonicolor

Cytophaga fermentans

Cellulophaga lytica

Flavobacterium aquatile Empedobacter brevis

Capnocytophaga ochracea
Chryseobacterium gleum

Fig. 2. Maximum-parsimony tree reflecting the phylogenetic position of Anaerophaga thermohalophila strain Fru22T and
type species representing a selection of related genera of the Bacteroides phylum. The tree is based upon the results of
an optimized maximum-parsimony analysis of a dataset of about 20000 small subunit rRNA sequences. The tree topology
was supported by performing tree evaluations based on maximum-parsimony, maximum-likelihood and distance matrix
analyses of various datasets applying the software tools of the ARB program package (Ludwig & Strunk, 1997). The bar
indicates 10% estimated sequence divergence. The EBI (European Bioinformatics Institute, Hinxton, Cambridge;
http ://www.ebi.ac.uk) accession numbers for the reference organisms are: Bacteroides fragilis ATCC 252857, M11656;
Capnocytophaga ochracea ATCC 278427, U41350; Cellulophaga lytica ATCC 231787, M28058, M62796; Chryseobacterium
gleum ATCC 359107, M58772; Cytophaga fermentans ATCC 190727, M58766; Empedobacter brevis ATCC 14234, M59052;
Flavobacterium aquatile ATCC 119477, M28236, M62797; Marinilabilia salmonicolor ATCC 190417, D12672;
Porphyromonas asaccharolytica ATCC 252607, L16490; Prevotella melaninogenica, L16469; Rikenella microfusus ATCC

297287, L16498.

tures in ageing cultures (Staley et al., 1989 ; Reichen-
bach, 1992). Moreover, the facultatively anaerobic
Cytophaga fermentans, Cytophaga xylanolytica, Mari-
nilabilia salmonicolor and Marinilabilia agarovorans all
have been described to produce acetate together with
propionate and succinate as main products of sugar
fermentation (Staley ez al., 1989; Haack & Breznak,
1993). The G+ C contents of the DNA of Cytophaga
fermentans and Marinilabilia spp. is in the range of
30-42 mol % ; strain Fru22™ (41-8 mol % G + C) would
be at the upper limit of this range. Nonetheless, there
are substantial differences between strain Fru22®, C.
fermentans and the described species of the genus
Marinilabilia. First of all, strain Fru22" is strictly
anaerobic. Moreover, the growth parameters of strain
Fru22”, especially its growth up to 55 °C and its salt
tolerance up to 12% (w/v) salt with an optimum
around 6% clearly separate this strain from all
described Cytophaga and Marinilabilia species. So far,
only a few Cytophaga species show temperature
maxima at 40-45 °C (‘ Cytophaga aprica’, * Cytophaga
Iytica’) or 45°C (‘Cytophaga diffluens’); all three

strains also tolerate NaCl concentrations up to 6%
and all are strict aerobes. ‘Cytophaga aprica’ and
‘Cytophaga diffluens’ have been reclassified as Flam-
meovirga aprica and Persicobacter diffluens, respect-
ively (Nakagawa et al., 1997). ‘ Cytophaga lytica’ has
been reclassified as Cellulophaga Ilytica (Johansen et
al., 1999).

The genus Capnocytophaga has been separated from
other Cytophaga species as a genus of facultatively
anaerobic bacteria that need CO, at enhanced concen-
trations in the atmosphere for efficient growth. Also,
Capnocytophaga species produce acetate, propionate
and succinate during sugar fermentation, but all have
been described as facultatively aerobic organisms.
Moreover, all species described so far were found to be
associated with higher animals, especially the oral
cavity of man (Leadbetter et al., 1979). No thermo-
philic or halophilic representatives of this genus are
known.

On the basis of this comparison, it appears necessary
to establish a new genus and species for strain Fru22™.
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A new genus, Anaerophaga gen. nov., is proposed to
comprise strictly anaerobic, non-photosynthetic, non-
fruiting-body-forming bacteria. The type species is
Anaerophaga thermohalophila gen. nov., sp. nov., with
strain Fru22™ (= DSM 12881" = OCM 798") as type
strain.

Description of Anaerophaga gen. nov.

Anaerophaga (An.a.e.ro.pha’ga. Gr. suff. an non-; Gr.
n. aer air; Gr. (aor.) v. phagein to eat; M.L. fem. n.
Anaerophaga an anaerobic eater).

Strictly anaerobic, chemo-organotrophic bacteria of
fermentative metabolism. Non-photosynthetic. Exter-
nal electron acceptors not used. No fruiting bodies
formed.

Description of Anaerophaga thermohalophila sp.
nov.

Anaerophaga thermohalophila (ther.mo.ha.lo’phi.la.
Gr. adj. thermos warm, hot; Gr. masc. n. hals, halos
salt; Gr. masc. n. philos friend, loving; M.L. fem. adj.
thermohalophila heat and salt loving).

Slender flexible rods with rounded ends, 0-3 x 3-8 um
in size. Formation of spheres and spore-like structures
in ageing cultures. Strict anaerobe, catalase and
oxidase-negative. Cytochromes of h-type present. Glu-
cose, fructose, arabinose, xylose, cellobiose, mannose,
trehalose, raffinose, galactose, starch and (contrary to
a previous report) lactose used for growth. Hexoses
and pentoses fermented to equal molar amounts of
acetate, propionate and succinate. No growth with
ribose, sorbose, rhamnose, dulcitol, mannitol, gly-
cerol, glycerate, tartrate, malate, glycolate, lactate,
pyruvate, succinate, fumarate, methanol, ethanol,
ethylene glycol, acetoin, alanine, serine, threonine,
glutamate, aspartate, proline, cellulose, arabinogalac-
tan, chitin, yeast extract or peptone. Growth requires
media with enhanced CO,/bicarbonate content and
salt concentrations of at least 2 % (w/v). Salt tolerance
between 2 and 12 % (w/v), optimum at 2-6 %. Growth
possible at 37-55 °C with an optimum at 50 °C; no
growth at 30 and 60 °C. Ageing cultures exposed to
daylight form an orange-red carotenoid pigment simi-
lar to flexirubins. G 4 C content of the DNA 41-84+0-7
mol % (HPLC determination). Habitat is anoxic sub-
surface sites of enhanced temperature and salt content.
Type strain Fru22®, deposited with the Deutsche
Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig as DSM 128817, and with the
Oregon Collection of Methanogens under the de-
position number OCM 7987,
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