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In nature, hyperthermophilic microorganisms (with
a temperature growth optimum of at least 

 

80°C

 

) inhabit
various freshwater and marine hydrothermal vents and
geothermal subsurface waters [1, 2]. There have been
several reports about the isolation of hyperthermophilic
archaea from cold seawater [3, 4], where they most
probably survive after efflux from submarine hydro- or
geothermal systems. Thermophilic microorganisms
capable of growing at 

 

60–70°C

 

 are mostly spore-form-
ing and are routinely isolated from various nonthermal
biotopes, such as soils, sediments, and intestinal tracts
of animals [5]; however, hyperthermophilic prokary-
otes have never been found in these habitats.

The high-temperature microbial habitats of anthropo-
genic origin include heaps of self-heated organic materi-
als (compost, grain, peat, and coal), hot water supply sys-
tems, and biological waste treatment plants operated in a
thermophilic regime. Currently, bacteria of the genera

 

Thermus

 

 and 

 

Hydrogenobacter

 

 (maximum growth tem-
perature of up to 

 

80°C

 

), identified in compost, and the
acidophilic crenarchaeota 

 

Metallosphaera prunae

 

 (opti-
mal growth at 

 

75°C

 

), isolated from a uranium mine
dump, represent the most high-temperature microorgan-
isms developing in anthropogenic biotopes [6–8].
Although the microflora of biological waste treatment
systems, including anaerobic digestors, has been studied
by both cultural [9] and molecular ecological methods
[10], no culturable hyperthermophilic microorganisms
or nucleotide sequences of their 16S rRNA genes have
been found so far in these systems.

In this work, we report the detection of a culturable
representative of the hyperthermophilic archaeal genus

 

Sulfophobococcus

 

 in the digested sludge of an anaero-
bic digestor used to process municipal wastewater
under thermophilic conditions. Some physiological
characteristics of this microorganism are presented.

MATERIALS AND METHODS

 

Sampling.

 

 Samples of digested sludge were taken
from an anaerobic digestor operated in a thermophilic
regime (

 

52.6°C

 

) to process activated sludge formed
during the treatment of municipal wastewater at
Kur’yanovskaya plant (Moscow). The samples were
kept in tightly closed flasks at 

 

–4°C

 

 for 18 h and then
used to initiate enrichment cultures.

 

Medium composition and cultivation.

 

 Hyperther-
mophilic cultures were grown on medium of the fol-
lowing composition (per liter of distilled water):

 

NH

 

4

 

Cl

 

, 0.33 g; KCl, 0.33 g; 

 

MgCl

 

2 

 

· 

 

6H

 

2

 

O

 

, 0.33 g;

 

KH

 

2

 

PO

 

4

 

, 0.33 g; 

 

NaHCO

 

3

 

, 2 g; trace element solution
[11], 1 ml; vitamin solution [12], 1 ml; yeast extract
(Sigma), 0.2 g; peptone, 10 g. The medium was pre-
pared under anaerobic conditions, dispensed into Hun-
gate tubes under a flow of 100% 

 

CO

 

2

 

, and sterilized in
an autoclave at 2 atm for 1 h. The medium contained no
reducing agents. The pH of the autoclaved medium was
6.7–6.9 at 

 

20°C

 

. Initial enrichment cultures were grown
on the above medium supplemented with 90 mM amor-
phous Fe(III) oxide prepared as described in [13].
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Abstract

 

—A stable association of hyperthermophilic microorganisms (82

 

°

 

C), which contained mostly cocci
and a minor amount of non-spore-forming rods, was obtained from the digested sludge of an anaerobic digestor
used to process municipal wastewater under thermophilic conditions (50

 

°

 

C). PCR amplification of 16S rRNA
genes using total DNA isolated from this association and archaea-specific primers, followed by sequencing of
the product obtained, showed that the archaeal component was represented by a single nucleotide sequence, which
was 99.9% homologous to the 16S rRNA gene of 

 

Sulfophobococcus zilligii.

 

 Thus, a hyperthermophilic archaeon
was for the first time detected in a system of anaerobic biological treatment of wastewater. In addition, this is the
first report on the detection of a culturable member of 

 

Crenarchaeota

 

 in anthropogenic habitats with neutral pH.
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To obtain colonies, 20-ml flasks containing agarized
(2.5% Bacto Agar) anaerobic medium of the same com-
position under 100% 

 

CO

 

2

 

 and closed with rubber stop-
pers and aluminum caps were inoculated with tenfold
serial dilutions of enrichment cultures. After solidifica-
tion of the agar, the flasks were incubated at 

 

82°C

 

.
Grown individual colonies were selected with a syringe
and transferred to liquid medium. If not otherwise spec-
ified, cultivation was performed at 

 

82°C

 

.

The pure culture of 

 

Sulfophobococcus zilligii

 

 DSM
11193

 

T

 

 was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ) and grown
on an appropriate medium (770) according to DSMZ
recommendations (www.dsmz.de).

 

Light and electron microscopy.

 

 Microscopic
examinations and cell counts were performed using a
LOMO AU-12 phase-contrast microscope (Russia).
Transmission electron microscopy was performed with
a JEM-100C electron microscope.

 

DNA isolation and amplification and sequencing
of 16S rRNA genes.

 

 Isolation and purification of
genomic DNA and selective PCR amplification of the
16S rRNA gene and its sequencing were performed as
described previously [13, 17]. Oligonucleotide primers
used in PCR analysis of the enrichment culture are
shown in the table. Amplification conditions are
described in [14–16].

RESULTS

 

Obtaining of a culture of hyperthermophilic
microorganisms.

 

 Samples (1 ml) of digested sludge
from an anaerobic digestor were introduced into Hun-
gate tubes containing 10 ml of sterile anaerobic
medium supplemented with amorphous Fe(III) oxide.
After incubation at 

 

82°C

 

 for seven days, transformation
of the brown nonmagnetic amorphous Fe(III) oxide to
a black magnetic precipitate of a smaller volume
occurred in inoculated variants, which was a result of
the reduction of iron from ferric to ferrous state. After
three successive 5% transfers on medium of the same
composition, stable reduction of Fe(III) to Fe(II) was
observed in the enrichment culture, which was a mix-
ture of cocci and non-spore-forming rods of two or
three morphotypes. Subsequent experiments were
aimed at obtaining a culture of the cocci, which were
likely to be archaea. Domination of cocci was achieved
after cultivation on medium containing no amorphous
Fe(III) oxide. After tenfold serial dilutions, growth in
liquid medium occurred only in the 

 

10

 

–1

 

 dilution. Indi-
vidual colorless colonies 0.4–0.7 mm in diameter
were obtained on agarized medium from the 

 

10

 

–3

 

 and

 

10

 

–4

 

 dilutions. Nine colonies were selected and incu-
bated in the liquid medium at 

 

82°C

 

 for eight days.
Examinations under light and electron microscopes
revealed domination of regular-shaped cocci 2–5 

 

µ

 

m in
diameter, which occurred individually or in pairs, and a
minor amount (no more than 2%) of non-spore-forming
rods (Fig. 1). Repeated obtaining of individual colonies

 

PCR primers used in this study and the results of amplification (approximate size of the amplification product, bp)

Primer Nucleotide sequence (5'  3') Specificity,
reference

Template DNA from

sample

enrichment culture

after three trans-
fers on medium 

with Fe(III)

after five 
transfers KP4

U 515F GTGBCAGCMGCCGCGGTAA SSU rRNA gene 
of prokaryotes and 
eukaryotes [16]

1000 1000 1000 1000

U 1492R GGTTACCTTGTTACGACTT

Arch 2F TTCCGGTTGATCCYGCCGGA 16S rRNA gene
of archaea [16]

– 950 950 950

Arch 958R YCCGGCGTTGAMTCCAATT

Cren 7F TTCCGGTTGATCCYGCCGGACC 16S rRNA gene
of 

 

Crenarchaeota

 

 
[14]

– 500 500 500

Cren 518R GCTGGTWTTACCGCGGCGGCTGA

TcPc 173F TCCCCCATAGGYCTGRGGTACTGGAAGGTC 16S rRNA gene
of the family 

 

Ther-
mococcaceae

 

 [15]

– – – –

TcPc 589R GCCGTGRGATTTCGCCAGGGACTTACGGGC

 

Note: “–”, no amplification products.
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and their transfer to liquid medium yielded the same
results. We suggested that the culture under study was
a stable association of two microorganisms, likely
based on symbiotic relationships, and that the isolation

of a pure culture of the coccoid component is impossi-
ble. This mixed culture was designated as KP4.

 

PCR analysis of the enrichment cultures.

 

 At dif-
ferent stages of the enrichment culture purification,
total genomic DNA was isolated and used in PCR anal-
yses with 16S rDNA–targeted oligonucleotide primers:
universal and specific to archaea, 

 

Crenarchaeota

 

, and

 

Thermococcaceae

 

 (table). For the original sample of
digested sludge taken from the anaerobic digestor, a
positive result of PCR was recorded only with the uni-
versal primers. For the enrichment cultures that experi-
enced three successive transfers on medium containing
amorphous Fe(III) oxide or five transfers on iron-free
medium, as well as for culture KP4, PCR products were
obtained with all primers except the primer pair specific
to 

 

Thermococcaceae.

 

 In all positive PCR reactions, a
single product of the expected size was obtained.

 

Amplification and sequencing of the 16S rRNA
genes.

 

 Selective PCR amplification of the 16S rRNA
gene was performed using total genomic DNA isolated
from enrichment culture KP4 and 

 

Archaea

 

-specific
primers [17]. Sequencing of the obtained product
(884 nucleotides) showed that the archaeal component
was represented by a single nucleotide sequence that
was 99.9% homologous to the 16S rRNA gene of 

 

Sul-
fophobococcus zilligii.

 

Physiological characteristics of the growth of cul-
ture KP4.

 

 Culture KP4 grew within a temperature
range of 47–98

 

°

 

C with an optimum at 

 

82°C

 

 (Fig. 2). No
growth was observed at 

 

40°C

 

 or above 

 

98°C

 

. In the
temperature range 87–95

 

°

 

C, good growth of only coc-
coid cells (

 

2 

 

× 

 

10

 

8

 

 cells/ml) was observed after the first
culture transfer; however, after the next transfer, the
culture failed to grow. The pH growth optimum was
7.4–7.6 (measured at 

 

80°C

 

); at pH below 6.5 and above
8.5, neither cocci nor rods grew. Culture KP4 grew only
under anaerobic conditions; the growth was neither
stimulated nor inhibited by the reducing agents 

 

Na

 

2

 

S 

 

·

 

9H

 

2

 

O

 

 (0.5 g/l), titanium(III) citrate (2 mM), or dithio-
threitol (1 mM). Elemental sulfur (10 g/l), sodium sul-
fate (14 mM), sodium thiosulfate (20 mM), sodium
fumarate (20 mM), and amorphous Fe(III) oxide
(90 mM) neither stimulated nor inhibited growth with
peptone as an electron donor. In the absence of peptone,
the culture could grow on beef extract (1%) but not on
yeast extract (1%). After the first culture transfer, the
growth of the coccoid component of culture KP4 was
not inhibited by kanamycin (200 

 

µ

 

g/ml), neomycin
(200 

 

µ

 

g/ml), streptomycin (200 

 

µ

 

g/ml), or chloram-
phenicol (100 

 

µ

 

g/ml); however, after the next transfer, the
culture failed to grow even in the absence of antibiotics.

DISCUSSION

The stable association of hyperthermophilic micro-
organisms obtained by us (KP4) consists of predomi-
nating cocci and a minor amount of non-spore-forming
rods, which are most probably bacteria. In this associa-

 

Fig. 1.

 

 Electron micrograph of culture KP4. Negative stain-
ing with phosphotungstic acid. Bar, 1 

 

µ

 

m.
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Fig. 2.

 

 Effect of temperature on the growth of 

 

Sulfophobo-
coccus

 

 sp. in culture KP4. The growth rate corresponding to
a doubling time of 3.4 h was taken as 100%.
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tion, PCR analysis revealed the presence of 

 

Crenarcha-
eota 

 

and sequencing of the amplified 16S rRNA gene
fragment showed that 

 

Sulfophobococcus zilligii

 

 was the
only archaeal component of the culture. The genus 

 

Sul-
fophobococcus

 

, belonging to the family 

 

Desulforococ-
caceae

 

, is represented by a single species 

 

Sulfophobo-
coccus zilligii

 

 isolated from a hot spring in Iceland [18].
No other isolates of this genus have been reported.
Although the coccoid component (

 

Sulfophobococcus

 

 sp.)
of culture KP4 is similar in morphology to the type
strain of 

 

Sulfophobococcus zilligii

 

 (and their 16S rRNA
genes are almost completely homologous), it exhibits
certain physiological distinctions: (1) its growth is not
inhibited by sulfur; (2) it grows on peptone and beef
extract and does not grow on yeast extract; and (3) it
does not require reduced medium for growth. 

 

Sulfo-
phobococcus

 

 sp. from culture KP4 can grow at temper-
atures above 

 

87°C

 

 only after the first culture transfer; its
resistance to antibiotics also is lost after the second cul-
ture transfer. Evidently, a symbiotic relationship exists
between the bacterial and archaeal components of cul-
ture KP4 and this accounts for the inability of the com-
ponents to grow individually. Under conditions inade-
quate for the bacterial component (high temperature,
presence of antibiotics in the medium), the crenarcha-
eotal component also perishes after the next culture
transfer.

All known cultivated 

 

Crenarchaeota

 

 are thermo-
philic or hyperthermophilic organisms. They were iso-
lated from continental or submarine hydrothermal sys-
tems or from hot anthropogenic biotopes with acidic
pH [1]. With the development of methods of molecular
biology, reports appeared on the detection of crenarcha-
eotal 16S rRNA genes in various ecosystems, such as
marine picoplankton, continental shelf sediments, estu-
aries, freshwater lake sediments, and forest soils (see
[19] for references). The 16S rRNA genes of 

 

Crenar-
chaeota

 

 were also detected in a laboratory anaerobic
bioreactor where winery wastes were treated at 35°C
[20]. However, no culturable members of the kingdom
Crenarchaeota have been identified so far in anthropo-
genic habitats with neutral pH.

Our results extend the list of habitats populated by
the phylogenetic group Crenarchaeota, as well as by
the physiological group of hyperthermophilic microor-
ganisms. Although the PCR method failed to reveal
Crenarchaeota directly in the digested sludge of the
anaerobic digestor, it may be assumed that the cultura-
ble Sulfophobococcus sp. identified by us, which has a
lower growth temperature limit of 47°C, is capable of
developing in this ecosystem both in the bulk of sludge
and in local superheated zones. Thus, hyperthermo-
philic Crenarchaeota are part of the microbial commu-
nity that degrades organic municipal wastes.
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