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Abstract A variety of autotrophic, sulfur- and hydrogenoxidizing thermophilic bacteria were isolated from thermogenic composts at temperatures of 60–80° C. All were
penicillin G sensitive, which proves that they belong to
the Bacteria domain. The obligately autotrophic, nonspore-forming strains were gram-negative rods growing at
60–80°C, with an optimum at 70–75°C, but only under
microaerophilic conditions (5 kPa oxygen). These strains
had similar DNA G+C content (34.7–37.6 mol%) and
showed a high DNA:DNA homology (70–87%) with
Hydrogenobacter strains isolated from geothermal areas.
The facultatively autotrophic strains isolated from hot
composts were gram-variable rods that formed spherical
and terminal endospores, except for one strain. The strains
grew at 55–75° C, with an optimum at 65–70° C. These
bacteria were able to grow heterotrophically, or autotrophically with hydrogen; however, they oxidized thiosulfate under mixotrophic growth conditions (e.g. pyruvate or hydrogen plus thiosulfate). These strains had similar DNA G+C content (60–64 mol%) to and high
DNA:DNA homology (> 75%) with the reference strain
of Bacillus schlegelii. This is the first report of thermogenic composts as habitats of thermophilic sulfur- and hydrogen-oxidizing bacteria, which to date have been
known only from geothermal manifestations. This contrasts with the generally held belief that thermogenic composts at temperatures above 60° C support only a very low
diversity of obligatory heterotrophic thermophiles related
to Bacillus stearothermophilus.
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Introduction
Composting is a self-heating, aerobic, solid-phase biodegradative process of organic waste materials (Waksmann
et al. 1939; Finstein and Morris 1975; De Bertoldi et al.
1983). The composting process at the microbial level involves several interrelated factors, i.e., metabolic heat
generation, temperature, ventilation (oxygen input), moisture content, and available nutrients.
Temperature reflects both the prior and the current rate
of microbial activity. The temperature increase involves a
rapid transition from a mesophilic to a thermophilic microflora. The compost ecosystem is limited by excessive
heat accumulation. The terminal phase of composting is a
cooling and maturation stage. The amount of readily
available nutrients becomes a limiting factor that causes a
decline in microbial activity and heat output. A high diversity of bacteria, fungi, and Actinomycetes has been reported during the short initial mesophilic phase and the
cooling or maturation phase (Finstein and Morris 1975;
De Bertoldi et al. 1983). However, the present knowledge
of microbial diversity during the thermogenic (> 60° C)
phase is surprisingly poor. The high temperatures reached
(60–80° C) are often considered to reduce the microbial
diversity dramatically (Strom 1985a, b; Nakasaki et al.
1985a, b; Fujio and Kume 1991). At the highest temperatures considered (65–69° C), previous studies focused
only on obligately heterotrophic bacteria, and only strains
related to Bacillus stearothermophilus were identified
(Strom 1985a, b).
Microbial diversity could be expected during the thermogenic phase, where degradation and mineralization of
complex organic matter also takes place (Schulze 1962;
Nakasaki et al. 1985b). For example, autotrophic sulfur
oxidizers oxidize (and, thus, detoxify) the hydrogen sulfide generated through the mineralization of organic sulfur compounds, whereas hydrogen-oxidizing bacteria use
the molecular hydrogen produced by fermentative reactions during transitions from aerobic to anaerobic decomposition (Dugnani et al. 1986; Beffa et al. 1995). Such
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transitions occur readily in the heterogeneous, biologically active, and oxygen-poor matrix in composts (Miller
1989).
The purpose of this study was to provide a better understanding of the taxonomic and functional diversity of
highly thermophilic, facultatively or obligately autrotrophic bacteria during the thermogenic stage of the composting process (> 60° C).

Materials and methods

L-alanine, L-arginine, L-aspartate, L-glutamate, glycine, L-histidine,
L-leucine, L-lysine, L-methionine, L-proline, L-serine, L-tryptophan, L-valine, ethanol, isopropanol, methanol, nutrient broth

(Merck, Darmstadt, Germany), and yeast extract (Merck, Darmstadt, Germany).
The growth of obligately autotrophic, hydrogen-oxidizing thermophilic bacteria (e.g., Hydrogenobacter thermophilus) was severely inhibited by the presence of 20 mM pyruvate (Shiba et al.
1984). Accordingly, the effect of 2.5 and 25 mM pyruvate on the
autotrophic growth of pure strains of non-spore-forming autotrophic bacteria was determined in the basal mineral medium under an atmosphere of H2/CO2/O2 (35 kPa:10 kPa:5 kPa, measured
at room temperature). Cultures were incubated at 75° C during 10
days.

Compost facilities and sampling
The industrial composting facilities studied (10 sites) represent the
main types of composting systems used in Switzerland, such as
classical open-air windrows, boxes in a semi-closed hall with automated turning and aeration, or closed bioreactors with automated
aeration. Organic materials subjected to composting varied considerably and consisted mainly of green waste, wood chips, and
kitchen waste, or sewage sludge. The compost facilities were located 30–250 km from the authors’ laboratory. None of the compost facilities studied used seeding with a commercial compoststarter containing thermophilic bacteria.
Enrichment and culture procedures
Enrichment, parallel serial dilutions, and cultures were performed
in basal mineral medium (Aragno 1991). One gram fresh-weight
organic material from hot (60–80° C) compost was placed in 10 ml
of sterile basal mineral medium and shaken at 150 rpm for 30 min
at room temperature. The parallel serial dilutions (10–1–10–10) and
cultures were incubated at 70° C for 1–14 days under microaerophilic conditions (5 kPa oxygen). Autotrophic hydrogen-oxidizing bacteria were grown under an atmosphere of H2/CO2/O2 (35
kPa : 10 kPa : 5 kPa, measured at room temperature) according to
Aragno (1991). Autotrophic sulfur-oxidizing bacteria were grown
with 20 mM thiosulfate or 5 g l–1 crystalline elemental sulfur (S0)
under an atmosphere of N2/CO2/O2 (35 kPa : 10 kPa : 5 kPa, measured at room temperature). NaHCO3 (60 mM) or a few grains of
CaCO3 were added to prevent excessive acidification under sulfuroxidizing conditions.
Pure colonies were isolated by successive plating on the same
media solidified with 13 g l–1 agar-agar (Oxoid, Fakola AG, Basel,
Switzerland) with or without 20 mM thiosulfate. Gas mixtures
were the same as for liquid cultures except that O2 was at 2.5 kPa.
Distinct colonies appeared after 1–7 days. Obligately autotrophic
strains that oxidize both hydrogen and sulfur were able to form
colonies only when the solid medium was supplemented with 20
mM thiosulfate, as previously reported for hydrogen-oxidizing,
thermophilic bacteria (Alfredsson et al. 1986). The purity of each
culture was routinely checked microscopically and by plating on
solid mineral and organic media. We report the minimal and maximal values of the parallel serial dilutions observed in hot compost
samples from 10 different compost facilities.
Heterotrophic growth of pure strains of spore-forming bacteria
was assessed in liquid basal mineral medium supplemented with
0.2% w/v organic compounds (acetate, pyruvate, D-glucose) or
with 0.8% w/v nutrient broth (Merck, Darmstadt, Germany) under
an atmosphere of N2/O2 (45 kPa:5 kPa, measured at room temperature) and under normal air conditions. Heterotrophic growth in
liquid cultures of pure strains of non-spore-forming, obligately autotrophic bacteria was determined under an atmosphere of N2/O2
(45 kPa:5 kPa, measured at room temperature) in basal mineral
medium at 65° C supplemented with 0.1% (w/v) organic compounds. The organic compounds tested were as follows: D-arabinose, D-fructose, D-galactose, D-glucose, D-maltose, D-mannose, Dxylose, soluble starch, acetate, citrate, formate, fumarate, β -hydroxybutyrate, gluconate, DL-lactate, malate, pyruvate, succinate,

Reference or type strains
Thermophilic bacteria related to the genus Hydrogenobacter were
isolated from the following geothermal sources: Hydrogenobacter
thermophilus strain TK-H (Kyshu, Japan; Kawasumi et al. 1984);
Hydrogenobacter strain MF-3 (Etna, Italy; Aragno 1992), Hydrogenobacter strain T-3 (Tuscany, Italy; Bonjour and Aragno
1986), and Hydrogenobacter strain H-1 (Borgarfjördur, Iceland;
Kristjansson et al. 1985); Calderobacterium hydrogenophilum
strain Z-829, (Kamtchatka, USSR; Kryukov et al. 1983). Bacillus
schlegelii type strain (DSM 2000, Deutsche Sammlung von
Mikroorganismen und Zellkulturen) was isolated from a cold environment (lake sediment, Le Loclat, Switzerland; Schenk and
Aragno 1979).
Characterization of isolates
Cell numbers and types were estimated by phase-contrast microscopical examination of enrichment cultures performed from serial
dilutions and by the ability to form colonies on solid media, with
either thiosulfate or hydrogen as electron source. Morphology and
cell size were estimated on actively H2-growing cultures at 70° C
using phase-contrast microscopy. Sensitivity to penicillin was
tested during 5 days of incubation at 65° C in liquid media containing 10 mg l–1 benzyl-penicillin (Fluka Chemie, Buchs, Switzerland) according to the procedure described by Schenk and Aragno
(1979). Temperature dependent growth was tested between 50° C
and 85° C at 5° C intervals.

DNA base composition and hybridization
DNA was isolated by the procedure (slightly modified) described
by Jenni et al. (1987). Cells (1–2 g fresh weight) were collected by
centrifugation at 6,000 × g for 20 min at 4° C and washed with 15
ml of 10 mM Tris-HCl buffer (pH 7.2) supplemented with NaCl
(0.9% w/v). Washed cells were resuspended in 16 ml MUP buffer
(7.5 M urea, 120 mM NaH2PO4, 120 mM Na2HPO4, final pH 7.5)
and broken by ultrasonic treatment using a Branson model 450 sonicator for 10 min at 35–40 W on ice. The broken cells were mixed
with 5 g hydroxylapatite (Fluka AG, Buchs, Switzerland) equilibrated with MUP buffer and left for 1 h with occasional agitation at
room temperature. The hydroxylapatite was decanted, washed with
additional MUP buffer, and decanted again. The hydroxylapatiteDNA complex was then poured onto a GF/A filter (Whatman,
Springfield Mill, UK) in a vacuum-filtration system. The hydroxylapatite-DNA was washed twice with 10 ml of MUP buffer and
then 4 times with 10 ml of 14 mM sodium phosphate buffer (pH
6.8). The DNA was eluted with 400 mM sodium phosphate buffer
(pH 6.8). The DNA fractions were pooled and concentrated with 2butanol to about 4 ml. The purified DNA was then dialyzed against
saline citrate buffer (15 mM NaCl – 1.5 mM Na-citrate). The ratio
of absorbance of the DNA preparations at 260 and 280 nm was
around 1.9, which indicates that they were essentially free of proteins. The concentrated DNA solutions were stored at –20° C. DNA
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mol% G+C content was determined by the melting point (Tm)
method (Marmur and Doty 1962) and calculated according to the
formula of Owen and Hill (1979). DNA-DNA homologies were
measured spectrophotometrically by following the renaturation
rates at Tm –20° C according to De Ley et al. (1970).

concentration was determined by the method of Bradford (1976)
with bovine serum albumin as the standard.

Results and discussion
Protein gel electrophoresis
Cells (about 1 g fresh weight) growing actively under autotrophic
conditions (hydrogen) were collected and washed as described
above. Washed cells were resuspended in 1–2 ml of 100 mM TrisHCl buffer (pH 8.0). Cells were broken by ultrasonic treatment using a Branson model 450 sonicator for 0.5–1.5 min at 10–20 W on
ice. The broken-cell suspension was centrifuged at 12,000 × g for
10 min at 4° C and the supernatant (cell-free extract) was stored at
–20° C. Proteins (25–30 µg per lane) were resolved by denaturing
SDS-PAGE (5% stacking gel and 12.5% resolving gel) at 22° C according to Hames and Rickwood (1990). Gels were stained with
Coomassie Brilliant blue R-250 after electrophoresis. Molecular
mass standards (14.4–200 kDa) were purchased from Bio-Rad
Laboratories (Hercules, Calif., USA).
Respiratory activity measurements
Cells for respiratory activity measurements were taken from actively growing cultures, washed, and resuspended gently in basal
mineral medium according to Beffa et al. (1991a). The respiratory
activities were measured polarographically with an oxygen electrode (Hansatech, model CBH2, adjustable volume) at 60° C as described previously (Beffa et al. 1991b, 1992). Oxygen consumption was calculated on the basis of 134 nmol O2 ml–1 in air-saturated medium at 60° C according to Beffa et al. (1991b). The final
cell concentration in the respiratory cuvette was 0.02–0.2 mg protein ml–1. The respiratory substrates were supplied as follows (final
concentration): 0.35 µg H2 ml–1, 10 mM thiosulfate; 10 mM hydrophilic S0 (free of thiosulfate, obtained as described previously;
Beffa et al. 1991a), 15 mM pyruvate. KCN (0.1 M) was freshly
dissolved in 0.2 M sodium phosphate buffer at pH 7.5 and used at
1 mM final concentration. Cells were pre-incubated for 3 min at
60° C prior to addtion of the substrate, and the respiratory activities
were measured from constant respiratory slopes. Results are expressed as nmol O2 (mg protein)–1 min–1; corrected for the low endogenous oxygen uptake.
Analytical methods
Growth was followed turbidimetrically at 436 nm using 1-cm cuvettes in a Perkin-Elmer Lambda 6 spectrophotometer. Protein

We report here the first evidence for the occurrence of sulfur- and hydrogen-oxidizing, facultatively or obligately
chemoautotrophic bacteria growing between 70° C and
75° C in thermogenic (60–80° C) composts. Thermophilic
bacteria numbers in compost samples were estimated by
enrichment of serial dilutions: 104–106 cells (g compost
dry weight)–1 for non-spore-forming, obligately autotrophic sulfur- and hydrogen-oxidizing bacteria, and
105–108 cells (g compost dry weight)–1 for facultatively
autotrophic hydrogen-oxidizing bacteria forming spherical spores.
Obligately autotrophic bacteria could grow only under
microaerophilic conditions (<10 kPa oxygen). They could
not grow with the organic compounds and media tested as
the sole energy and carbon sources. All isolates except
strain THS-13 grew autotrophically on hydrogen in the
presence of 25 mM pyruvate. In addition, organic compounds did not seem to significantly inhibit autotrophic
growth with hydrogen and thiosulfate because the enrichments of these bacteria from compost samples that probably contained high concentrations of organic matter
scored positive even at the first serial dilution. In contrast,
the growth of obligately autotrophic, thermophilic hydrogen-oxidizing bacteria isolated from geothermal environments (e.g., Hydrogenobacter thermophilus TK-6) was
strongly inhibited, particularly by 20 mM pyruvate (Shiba
et al. 1984).
Facultatively autotrophic bacteria were able to grow on
organic compounds or nutrient broth under microaerophilic and normal air pressure conditions. Bacteria
related to the latter were unable to grow with inorganic reduced sulfur compounds or sugars as the sole electron
donors.
All strains presented in this study were penicillin G
sensitive, which proves that they belong to the Bacteria

Table 1 Main characteristics of hydrogen- and sulfur-oxidizing autotrophic, thermophilic Bacteria strains isolated from hot compost
piles (+ growth, – no growth)
Strains

Shape and size

Spores

Sensitivity
to
penicillin

Gram
stain

Motility

Growth
temperature (° C)
(min)

(max)

mol % Growth substrates
G+C
H2 Thio- S0 Ace- Pyru- Glusulfate
tate vate cose

Obligate autotrophic sulfur- and hydrogen-oxidizers
THS-11 Rod 0.5 × 2–3.5 µm –
+
THS-13 Rod 0.5 × 2–3.5 µm –
+
THS-25 Rod 0.5 × 2–3.5 µm –
+
TS-63
Rod 0.5 × 3–6 µm –
+
TS-17
Rod 0.5 × 1.5–3 µm –
+

–
–
–
–
–

+
+
+
–
+

60
60
60
60
60

80
80
80
80
80

35
34.7
35.6
37.6
36

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

–
–
–
–
–

–
–
–
–
–

–
–
–
–
–

Facultative autotrophic hydrogen-oxidizers
THS-44 Rod 0.6 × 3–6 µm +
+
TH-102 Rod 0.6 × 2.5–7 µm –
+

±
±

–
+

55
55

75
75

60
60.4

+
+

–
–

–
–

+
+

+
+

–
–
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Fig. 1 Percent homology based on DNA:DNA hybridization between five strains isolated from compost (THS-25, THS-11, THS13, TS-17, TS-63) and reference strains related to Hydrogenobacter isolated from geothermal areas in the world. Values are means
of 3–5 runs. Hydrogenobacter thermophilus strain TK-H (Kyshu,
Japan; Kawasumi et al. 1984); Hydrogenobacter strain T-3 (Tuscany, Italy; Bonjour et Aragno 1986, Aragno 1992); Hydrogenobacter strain MF-3 (Etna, Italy; Aragno 1992); Hydrogenobacter strain H-1 (Borgarfjördur, Iceland; Kristjansson
et al. 1985); Calderobacterium hydrogenophilum strain Z-829
(Kamtchatka, Rusia; Kryukov et al. 1983)

domain. The main features of these strains are presented
in Table 1.
All sulfur- and hydrogen-oxidizing, obligately autotrophic strains had a 35–37.6 mol% G+C content (Table 1),
Fig. 2 Coomassie brilliant
blue-stained SDS-polyacrylamide gel showing proteins of
total cell extracts of thermophilic bacteria related to the
genus Hydrogenobacter isolated from geothermal areas
(strains T-3 and MF-3) and
from hot composts (strains
THS-11, THS-13, THS-25, TS17, and TS-63) Protein molecular size markers are indicated
on the right

which is similar to those published for the strains related
to Hydrogenobacter that have been isolated from geothermal areas (see Aragno 1991 and 1992 for a review).
Strains THS-11, THS-13, THS-25, and TS-17 shared a
high DNA:DNA homology (71–92%) with each other and
with Hydrogenobacter reference strain T-3 (Fig. 1). This
strain belongs to a DNA:DNA homology group found in
geothermal springs in Italy and in the USA (Aragno 1991,
1992; M. Marchiani, Laboratory of Microbiology, University of Neuchâtel, Switzerland, personal communication).
Strain TS-63 showed no significant homology with strain
T3, but a high homology (86%) with Hydrogenobacter
reference strain MF-3, which belongs to another DNA:
DNA homology group found in geothermal springs in
Italy and in the Azores (Aragno 1991, 1992; M. Marchiani, personal communication).
Protein profiles showed that Hydrogenobacter-related
strains divide into two groups (Fig. 2). Strains THS-11,
THS-13, THS-25, and TS-17 showed patterns similar to
that of strain T-3. However, slight differences among
these strains appeared among proteins of 40–45 kDa.
Strain TS-63 showed a profile similar to that of strain MF3 if one takes into account that the differences observed
probably depend on band intensities. Strains Z-829, TKH, and H-1 showed significantly different profiles (data
not shown). These results confirmed the DNA:DNA hybridization results.
Studies recently have been carried out on the phylogenetic position of the genus Hydrogenobacter, based on the
16S rRNA complete sequence similarities between three
strains of Hydrogenobacter (including strain T-3) and
Aquifex pyrofilus (strain Kol5a) (Pitulle et al. 1994). The
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Table 2 Respiratory activities
of five strains isolated from
compost [nmol O2 consumed
(mg protein)–1 min–1]. Cells
were grown for 2–3 days at
70° C in basal mineral medium
supplied with thiosulfate, Napyruvate, or H2 as the energy
and electron source

Strains

Growth
substrates

Hydrogen

Thiosulfate

Elemental
sulfur

Pyruvate

THS-25

Hydrogen
Thiosulfate

132
<1

97
488

12
358

<1
<1

TS-17

Hydrogen
Thiosulfate

118
<1

<1
514

<1
436

<1
<1

TS-63

Hydrogen
Thiosulfate

120
<1

<1
694

<1
135

<1
<1

THS-44

Hydrogen
Pyruvate

154
67

266
330

<1
<1

<1
82

TH-102

Hydrogen
Pyruvate

113
148

22
75

<1
<1

<1
91

present authors have confirmed that the genera Aquifex
and Hydrogenobacter are closely related and support the
proposal that the Aquifex-Hydrogenobacter complex be
placed in the new order “Aquificales” and that the genera
Aquifex and Hydrogenobacter belong to the same family,
the “Aquificaceae” (Burggraf et al. 1992).
Our results present the first evidence that highly thermophilic, chemolithoautotrophic Bacteria related to the
genus Hydrogenobacter occur in hot composts, which are
short-term, high-temperature habitats and are not confined
to the highly specialized, sparse geothermal habitats.
The eight facultatively autotrophic strains isolated
from hot composts all showed similar G+C (60–63 mol%)
and high DNA homology (75–90%) with each other and
with the reference strain of Bacillus schlegelii DSM 2000.
This confirms that all the strains isolated belong to the
same species regardless of their geographical origin and
environment (Aragno 1992). Table 1 shows the main taxonomic and metabolic features of one of the spore-formFig. 3 Phase-contrast micrographs of three strains isolated
from compost and related to
Hydrogenobacter (A TS-17; B
THS-25; C TS-63) Cultures
were incubated at 65° C on
solid basal mineral medium
supplemented with thiosulfate
and H2 + CO2 + O2 as gas
phase. When grown with H2
and thiosulfate, cells released
sulfur which appeared as white,
refringent pellets (large arrows)
and/or sheaths (small arrows)
Bar: 10 µm

Respiratory substrates and activities
[nmol O2· (mg protein)–1 min–1]

ing strains, THS-44, and those of the non-spore-forming
strain, TH-102. Bacillus-schlegelii-related isolates also
proved to grow well in nutrient broth under air.
When grown with thiosulfate as the sole energy source,
strains isolated from compost and related to Hydrogenobacter possessed high thiosulfate- and elemental sulfur-oxidizing activities (Table 2). In contrast to strains TS17 and TS-63, strain THS-25 possessed constitutive thiosulfate-oxidizing activity when grown on hydrogen. All
respiratory activities were almost totally inhibited (> 85%)
by 1 mM KCN, an inhibitor of the terminal cytochrome
oxidase of the respiratory chain.
The number of types of thermophilic (optimum temperature > 65° C), aerobic, chemolithoautotrophic sulfuroxidizing bacteria is very limited. Hydrogenobacter and
related isolates, Aquifex pyrofilus (Huber et al. 1992) and
Thermothrix thiopara (Caldwell et al. 1976; Mason et al.
1987) are the only well-characterized Bacteria to date. T.
thiopara is however, no longer available from strain col-
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lections, and seems to have been lost (Kristjansson et al.
1994). Thermophilic, aerobic, autotrophic sulfur-oxidizing Bacteria are now most probably represented only by
the strains related to Hydrogenobacter spp. and Aquifex
pyrofilus.
The strains related to Bacillus schlegelii (THS-44 and
TH-102) did not grow autotrophically with inorganic sulfur compounds as the sole energy and electron source.
They possessed a constitutive thiosulfate-oxidizing activity but lacked elemental sulfur-oxidizing activity (Table
2). Some mesophilic heterotrophs have been reported to
be able to oxidize thiosulfate (Mason and Kelly 1987).
These bacteria may play a dominant role in the oxidation
of sulfur compounds in soils and marine environments
(Vishniac and Santer 1957; Tuttle and Jannasch 1972). To
date, strains related to B. schlegelii constitute the first evidence of thermophilic, heterotrophic spore-forming bacteria able to oxidize sulfur compounds.
All autotrophic hydrogen oxidizers that grow on solid
medium with thiosulfate alone or with thiosulfate plus hydrogen released sulfur, which appeared as white, refringent sheaths and/or pellets (Fig. 3). Reference strains of
Hydrogenobacter and B. schlegelii grown under the same
conditions also released S0 in the growth medium (Beffa
et al. 1993).
The results presented in this study contrast with the
generally held belief that thermogenic composts at temperatures above 60° C support only a very low diversity of
obligately heterotrophic thermophiles related to Bacillus
stearothermophilus (Strom 1985a, b). The presence of
high numbers of thermophilic, obligately and facultatively
sulfur- and hydrogen-oxidizing bacteria in hot composts
suggest that they may play a part in mineralization, and
particularly in inorganic sulfur compound oxidation during the thermogenic phase (> 60° ) of the composting process.
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