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Abstract A facultative aerobic, moderately thermo-
philic, spore forming bacterium, strain JW/VK-KG4
was isolated from an enrichment culture obtained from
the Geyser valley, a geothermally heated environment
located in the Kamchatka peninsula (Far East region of
Russia). The cells were rod shaped, motile, peritrichous
flagellated stained Gram positive and had a Gram po-
sitive type cell wall. Aerobically, the strain utilized a
range of carbohydrates including glucose, fructose, tre-
halose, proteinuous substrates, and pectin as well.
Anaerobically, only carbohydrates are utilized. When
growing on carbohydrates, the strain required yeast ex-
tract and vitamin B12. Anaerobically, glucose was fer-
mented to lactate as main product and acetate, formate,
ethanol as minor products. Aerobically, even in well-
aerated cultures (agitated at 500 rpm), glucose oxidation
was incomplete and lactate and acetate were found in
culture supernatants as by-products. Optimal growth of
the isolate was observed at pH25 C 6.8–8.5 and 60�C. The
doubling times on glucose at optimal growth conditions
were 34 min (aerobically) and 40 min (anaerobically).
The G+C content was 42.3 mol% as determined by Tm

assay. Sequence analysis of the 16S rRNA gene indi-
cated an affiliation of strain JW/VK-KG4 with
Anoxybacillus species. Based on its morphology,
physiology, phylogenetic relationship and its low
DNA-DNA homology with validly published species of

Anoxybacillus, it is proposed that strain JW/VK-KG4
represents a new species in the genus Anoxybacillus as A.
kamchatkensis sp. nov. The type strain for the novel
species is JW/VK-KG4T (=DSM 14988, =ATCC
BAA-549). The GenBank accession number for the 16S
rDNA sequence is AF510985.

Keywords Anoxybacillus kamchatkensis Æ
Thermophilic Æ Facultative aerobic Æ B12-dependent

Abbreviations TABS: N-tris[Hydroxymethyl]methyl-
4-aminobutanesulfonic acid Æ pH** C: The temperature
at which the pH was measured and the pH meter
calibrated using standards at the indicated temperature
in degree C

Introduction

The biologically mediated breakdown of organic sub-
stances in anoxic environments is accomplished by the
development of a quite complex microbial community
involving species of various systematic positions and
physiology. This is especially true if the initial substrate
is a biopolymer. The first step of decomposition of
biopolymers is always performed by the hydrolytic mi-
croflora. Some of the occurring dimers, (e.g., cellobiose
from cellulose) and monomers usually dissipated into
surrounding environment supporting the growth of
other microorganisms (dissipotrophs) which do not have
the enzymes required for hydrolyzing polymers into
oligomers and monomers. This knowledge can be ap-
plied for isolation and successive assession of the dis-
sipotrophs’ role in particular microbial community.

Here we report on the isolation of a facultative aer-
obic bacterium which grew on carbohydrates but did not
grow on starch which was initially used for obtaining an
anaerobic, thermophilic, starch-containing enrichment
inoculated with a sample taken from a hot spring in the
Geyser Valley (Kamchatka peninsula, Far East region of
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Russia). The phylogenetic 16S rDNA sequence analysis
revealed the isolate belongs to the recently established
genus Anoxybacillus (Pikuta et al. 2000). On the basis of
phenotypic features as well as DNA-DNA hybridization
studies with the closest known species of Anoxybacillus,
we propose to classify the new isolate as a new species,
A. kamchatkensis sp. nov.

Materials and methods

Sample source and enrichment

A combined water — sediment slurry sample was taken
from an unnamed hot spring (55�C, pH55 C 7.0) up the
hill at the end of the Geyser valley (Kronotsky National
Park, Kamchatka, Far East Russia). Samples were col-
lected in August 2000 and after bringing them to Athens,
GA, were kept at +4�C until use in 2001.

Subsamples (2 ml) of the slurry were inoculated into
30 ml of prereduced anaerobic mineral bicarbonate
buffered medium containing (in g l�1): KH2PO4, 0.3;
(NH4)2SO4, 0.66; NaCl, 0.29; MgSO4Æ7H2O, 0.1; Ca-
Cl2Æ2H2O, 0.03; NaHCO3, 8.4; resazurin, 0.001; yeast
extract, 0.2; soluble potato starch, 2; Na2SÆ9H2O, 0.24;
cysteineÆHClÆH2O, 0.2. Also, trace element and vitamin
solutions, 5 ml/l of each (Freier et al. 1988) were added.
The pH25 C was adjusted to 8.5 by 5 M NaOH before
autoclavation.

Isolation and phenotypic characterization

The isolation of pure cultures was carried out strictly
anaerobically by serial dilutions in liquid medium of the
same composition but with glucose supplement instead
of starch. Further, the purity of the obtained isolate was
confirmed microscopically and by colonies uniformity
formed on solidified medium (plus 2% agar and no re-
ductants) both anaerobically and aerobically.

Growth was followed by monitoring the increase in
optical density at 600 nm in Hungate tubes (anaerobi-
cally) or in plain tubes (aerobically) using a Spectronic
21 (Bausch & Lomb) spectrophotometer. All runs were
done in duplicate. Temperature and pH range determi-
nations were carried out anoxically, i.e., oxygen was
removed from the medium by N2 sparging, however,
without the addition of sulfide and cysteine as reducing
agents. A shaking temperature gradient incubator (Sci-
entific Industries) was used to determine the temperature
range. For the pH range determination, the above
medium was used with the following modifications (in
g l�1): Na2CO3, 1.06; MOPS, 4.18; TABS, 5.14; yeast
extract, 0.5; trehaloseÆ2H2O, 2. Trehalose instead of
glucose was used due to its higher stability under the
autoclavation conditions. The pHs were roughly ad-
justed at room temperature with 5 M NaOH anaerobi-
cally prior to sterilization.. After autoclaving, the pH of
each point was measured repeatedly to insure the right

pH was plotted. To avoid possible oxygen depletion in
standing tubes, the determination of the doubling time
and formation of products of incomplete glucose oxi-
dation were carried out in conical flasks closed with
cotton plugs and were shaken (500 rpm) in the incuba-
tor. Substrate utilization tests were performed at optimal
temperature and by using pH-optimal phosphate buf-
fered medium of the following composition (in g l�1):
mineral stock plus vitamin solution were the same as
above; Na2HPO4*7H2O, 5.36; yeast extract, 0.5. The
pH25 C after sterilization was 7.4 (anaerobically) and 7.1
(aerobically). All sugars were prepared as anaerobic
stock solutions in distilled water: glucose, fructose,
galactose, mannose, maltose, cellobiose, inulin, arabi-
nose, ribose, xylose, lactose. Other substrates were
autoclaved with the medium. Final concentration for all
carbohydrates as well as starch was 2 g l�1, concentra-
tion for all proteinous substances was at 5 g l�1.

Cellular characterization

A model Vanox (Olympus) phase-contrast microscope
was used for routine examination. Micrographs were
taken by PM-10AD photo attachment on slides coated
by 2% (w/v) ultra pure agar. Negative staining was
carried out as described by Plugge et al. (2000).

Analytical assays

Fermentation products were determined by high-
performance liquid chromatography equipped with an
Aminex HPX-87H column (Bio-Rad) (Paavilainen and
Korpela 1993).

Determination of DNA base ratio and DNA–DNA
hybridizations

DNA was isolated according to Marmur (1961). The
G+C content was determined by the thermal denatur-
ation method of Marmur and Doty (1962). DNA–DNA
hybridization was performed spectrophotometrically
and initial renaturation rates were recorded as described
by De Ley et al. (1970). The reference microorganisms
Anoxybacillus pushchinensis K1T (DSM 12423),
A. flavithermus DSM 2641T were obtained from the
DSMZ collection, A. ayderensis AB04T — from the
NCIMB collection. A. gonensis G2T was a gift from Dr.
Ali Belduz (Turkey).

Amplification of the 16S rRNA gene and direct
sequencing

Cells were lysed by a proteinase K, lysozyme, and
sodium dodecyl sulfate treatment. The extraction
of genomic DNA was performed using a standard
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chloroform extraction (Murray et al. 1998). In vitro
amplification of the 16S rRNA gene sequencing was
performed as previously described (Rainey et al. 1996).
Sequencing reactions were performed using BigDye
Terminator Cycle Sequencing v2.0 Ready Reaction Kits
(Applied Biosystems). Sequences were subsequently
determined using an ABI 3700 capillary sequencer.

Phylogenetic analysis

The FASTA search engine at the EMBL website was
used for finding sequences that were most relevant to
strain JW/VK-KG4 (Pearson and Lipman 1988). Re-
trieved sequences were aligned by ClustalX program
(Thompson et al. 1997) and manually edited. An un-
rooted phylogenetic tree was inferred by means of the
TREECON program (Van de Peer and De Wachter
1994). The output set of sequences was bootstrapped
and distance matrix was estimated according to Jukes-
Cantor formula for each tree. The resulting tree topol-
ogy was calculated according to the Neighbor-Joining
method.

Results and discussion

Enrichment and isolation

Enrichments for thermophilic starch degrading anaero-
bic bacteria were incubated at 60�C for nearly 2 weeks.
After turbidity appeared, subcultures with a variety of
mono and disaccharides were inoculated. Tubes with
growth were compared by microscopically. Spore
forming rods prevailed on glucose- and trehalose-con-
taining media. The glucose grown enrichment was seri-
ally diluted in liquid medium with glucose. The culture
of the highest dilution exhibiting growth (10�9) was
transferred into glucose-containing solidified medium
using the agar-shake roll tube technique (Ljungdahl and
Wiegel 1986), tubes were subsequently incubated at
60�C. Formation of colonies was observed in 2 days.
Anaerobically grown culture formed white, opaque,
round colonies with even edge and flat surface. Agar
embedded colonies were lens shaped. Later, when
growth on air was revealed, colonies on Petri dishes were
also obtained. These were pinpoint, yellowish translu-
cent, round with even edge. Being transferred into liquid
medium, aerobically or anaerobically grown colonies
showed microscopically uniform morphotype. To insure
the purity of the culture, we transferred anaerobically
grown colonies into aerobic liquid medium. After
growth the cells were plated onto solidified aerobic
media and aerobically incubated. Subsequently, aerobic
and aerobically grown colonies, respectively, were
transferred into anaerobic liquid medium with successive
plating and isolating colonies several times. In all cases,
the appearance of the colonies (aerobically or anaero-
bically grown) was reproducibly different but the cells

were uniform in liquid culture and could be easily
transferred from oxic conditions into anoxic and back.
No differences in the 16S rRNA gene sequence between
the cells from the two treatments were observed. The
final isolated strain was termed JW/VK-KG4.

Morphology and cell structure

The cells of the strain JW/VK-KG4 were motile, rod
shaped and grew in single rods or in pairs. At early
exponential phase, the cells were 1.0 lm in width and
2.5–8.8 lm in length (Fig. 1a). Sometimes, Y-shaped
(branch) cells could be seen (Fig. 1b). Earlier, this phe-
nomenon has been observed in other thermophilic bac-
teria (Engle et al. 1995, 1996; Pikuta et al. 2000) and,
possibly, is somehow related to disorders in membrane
and/or cell wall syntheses during proliferation at ele-
vated temperatures. The cells stained Gram positive and
had Gram positive cell wall structure as revealed by
electron microscopy. Peritrichous flagella were seen on
electron micrograph (Fig. 2) but cells were only slightly
motile during exponential growth phase. At stationary
phase, cells formed terminal, oval spores of 0.5 lm in
width and 1.5–2.0 lm in length (Fig. 1c). The presence
of non mature spores were characteristic in anaerobi-
cally grown cultures (Fig. 1d). Mature spores were more
abundant in aerobically grown cultures on agar plates or
in agitated liquid media. Spores were viable after heat
treatment at 100�C for 20 min.

Physiological characteristics

Growth of strain JW/VK-KG4 was observed within a
temperature range of 38–67�C, (no growth at 37�C or
below and at 68�C or above) with an optimum at 57–
62�C. The strain grew within pH25 C range of 5.7–9.9 (no
growth at or below pH25 C 5.6 and at or above pH25 C

10) with a broad optimum at pH25 C 6.8–8.5 (Fig. 3).
This classifies the isolate as an alkalitolerant moderate
thermophile (Wiegel 1998, Kevbrin et al. 2003; Wiegel
and Kevbrin 2004). Although isolated first under strictly
anaerobic conditions, strain JW/VK-KG4 could grow
well aerobically. Similar to other facultative aerobes,
strictly anaerobic conditions (i.e., additions of reduc-
tants) are not necessary and the growth rate was even
higher when sulfide and cysteine were omitted from the
media. Oxidase and catalase tests for aerobically grown
colonies were negative. The shortest doubling time on
glucose-containing, phosphate buffered medium at 60�C
and pH25 C 7.0 was 34 min (aerobically) and 40 min
(anaerobically). Upon transfer into fresh media, a 3 h
lag phase was observed.

The substrate spectrum was assayed both, aerobically
and anaerobically. The following substrates supported
aerobic growth: ribose, glucose, fructose, galactose,
mannitol, maltose, trehalose, sucrose, pyruvate, yeast
extract, peptone, tryptone, casamino acids, and pectin.
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The substrate range for anaerobically grown cultures
was narrower: glucose, fructose, mannitol, maltose,
trehalose, sucrose, yeast extract. The following sub-
stances did not support growth neither aerobically nor
anaerobically after 3 days of incubation: arabinose, xy-
lose, xylitol, mannose, sorbitol, inositol, lactose, raffi-
nose, gluconate, starch, gelatin, and casein. Growth on
yeast extract alone can not be regarded as an evidence
for proteolytic capabilities as it contains up to 17.5% by

weight of carbohydrates (Difco manual 1998). When
growing on carbohydrates, the addition of yeast extract
was required (0.1 g l�1). Also, addition of vitamin mix-
ture was essential, particularly, vitamin B12

(0.02 mg l�1) was required. Growth ceased without ex-
tra added B12 within 3–4 successive transfers.

Being grown anaerobically, strain JW/VK-KG4 fer-
mented glucose (7.8 mM consumed) into lactate
(12.9 mM), formate (2.8 mM), ethanol (2.2 mM), ace-
tate (1.0 mM), and CO2 (which was not quantified).
Incomplete oxidation of glucose occurred when the
strain was grown aerobically in shaking flasks. Per
11.6 mM glucose consumed, 6.2 mM of lactate, 7.8 mM
of acetate, and traces (� 0.4 mM) of fumarate, succi-
nate, and ethanol were formed. No formation of formate
was observed in this case. For comparison, we also did
the same tests for some other Anoxybacillus species
(Table 1).

Phylogenetic relationship and DNA base composition

The almost complete (1,548 bp) sequence of the 16S
rRNA gene of strain JW/VK-KG4 was aligned and

Fig. 2 Negatively stained cell of strain JW/VK-KG4 with peritri-
chous flagella. Bar 2 lm
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Fig. 3 A pH range of growth for the strain JW/VK-KG4

Fig. 1 Phase contrast micrographs of strain JW/VK-KG4 (bar
10 lm): a Normal view at the exponential growth phase; b The
same view. Arrow points to Y-shaped cell; c Mature spores at the
stationary growth phase; d View of unmature spores
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compared to sequences of related bacteria. The subse-
quently constructed phylogenetic tree (Fig. 4) revealed
that strain JW/VK-KG4 clusters with representatives of
the genus Anoxybacillus. To date, this genus has five
validly published species, A. pushchinoensis, A. flavi-
thermus, A. gonensis, A. ayderensis and A. kestanbolen-
sis. All of them are thermophilic, Gram-type positive
(Wiegel 1981), spore forming, rod-shaped bacteria with
a G+C content of about 42 mol%. The G+C content
of strain JW/VK-KG4 was 42.3 mol% (Table 2). We
determined the G+C content for all three type strains of
Anoxybacillus’ species at the same run simultaneously
and found 42.8 mol% for A. gonensis G2T contrary to
the initially published value of 57 mol% (Belduz et al.
2003). Three species isolated in the same laboratory —
A. gonensis, A. ayderensis and A. kestanbolensis — have
the G+C content 50–57% (Belduz et al. 2003; Dulger
et al. 2004). We belive that our value for A. gonensis is
more consistent with those of the other members of
Anoxybacillus, described before A. gonensis, A. ayder-
ensis and A. kestanbolensis appeared. The levels of 16S

rRNA gene sequence similarity between JW/VK-KG4
and the type strains of known Anoxybacillus species
were: JW/VK-KG4 — A. pushchinoensis K1T 97.7%;
JW/VK-KG4 — A. flavithermus DSM 2641T 98.7%,
JW/VK-KG4 — A. gonensis G2T 98.9%, JW/VK-KG4
— A. ayderensis 99.2%, JW/VK-KG4 — A. kestanbol-
ensis 97.6%. Because all of these were higher than
97.5%, we performed DNA-DNA hybridizations studies
with some representatives (Table 2). None of the pairs
yielded homologies above 70%. According to Stacke-
brandt and Goebel (1994) this can be regarded as evi-
dence for having a different, novel species.

Comparison to other Anoxybacillus species

Strain JW/VK-KG4 differs in some properties to the
other Anoxybacillus species. Most distinguishable are:
oval-shaped spores, lack of catalase and oxidase activity,
a significant broader pH optimum for growth, substrates
specifities with particularly good growth on pectin and
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Fig. 4 Phylogenetic dendrogram based
on 16S rDNA sequences showing the
position of strain JW/VK-KG4T among
Anoxybacillus cluster. A –
Anoxybacillus, B – Bacillus.
Bootstrapping was based on 100
resampled datasets. The scale bar
represents 0.02 nucleotide substitutions
per position

Table 1 Products from glucose for some representatives of Anoxybacillus species and the strain JW/VK-KG4

strain JW/VK-KG4 A. pushchinoensis K1T A. flavithermus DSM 2641T

Aerobicallya Lactate, acetate, traces(< 1 mM)
of ethanol, fumarate and succinate

No growth Acetate only

Anaerobically Lactate (main), formate, acetate, ethanol Lactate (main), formate,
acetate, ethanol

Lactate (main), formate,
acetate, ethanol

aAerobically assayed under cotton plug and at shaker incubator
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the lack of growth on starch and raffinose (Table 3).
Products of anaerobic fermentation of glucose were
quite similar among all strains tested, thus the same
metabolism is presumed (Table 1). However, under well-
aerated (500 rpm shaking in aerated flasks) conditions,
the products of incomplete glucose oxidation were dif-
ferent. A. flavithermus DSM 2641T excreted acetate only
while strain JW/VK-KG4 formed a set of products.
Interestingly, A. pushchinoensis K1T, the type species of

the genus, did not grow at all under these conditions.
Growth of A. pushchinoensis was only observed under
microaerophilic conditions. We observed higher final
OD values for strain K1T at 1–5% of air in nitrogen
than under 100% air in non-agitated bottles. This strain
was initially described as an obligate anaerobe (Pikuta
et al. 2000). Our data showed that A. pushchinoensis K1T

is a microaerophile, a fact which was subsequently
amended by Pikuta et al. (2003).

Table 2 DNA–DNA homology
among valid Anoxybacillus
species and strain JW/VK-KG4

Strain G+C content
(mol %)

DNA–DNA similarity, %

K1T DSM 2641T JW/VK-KG4 G2T

A. pushchinoensis K1T 42.2 100
A. flavithermus DSM 2641T 41.6 59 100
JW/VK-KG4 42.3 53 55 100
A. gonensis G2T 42.8 54 53 51 100
A. ayderensis AB04T 43.6 48 52 51 61
E. coli K12 (standard) 51.7

Table 3 Characteristics of validly published Anoxybacillus species and strain JW/VK-KG4

Characteristic 1 2 3 4 5 6

Size (lm) 1.0 · 2.5–8.8 0.55 · 4.6 0.65 · 4.75 0.75 · 5.0 0.4–0.5 · 2.5–3.0 0.85 · 2.3–7.1
Motility + + + + � +
Spore shape Oval Spherical Spherical Spherical Spherical ND
Temperature for growth (oC)
Range 37–66 30–70 40–70 40–70 37–66 30–72
Optimum 57–62 50 50–55 55–60 62 60
pH for growth
Range 5.7–9.9 6.0–11.0 6.0–10.5 6.0–10.0 8.0–10.5 5.5–9.0
Optimum 6.8–8.5 7.5–8.5 7.5–8.5 7.5–8.0 9.5–9.7 ND
Catalase � + + + � +
Oxidase � + + + ND +
Substrates useda

Arabinose � (�) + � � (�) +
Ribose w (�) ND ND ND (�) ND
Xylose � (�) + � + (�) ND
Fructose + (+) + + + (+) ND
Galactose + (�) ND ND ND (�) +b

Mannose � (�) + + � ND +
Rhamnose ND � � � (�) +
Mannitol + (+) + + + (�) ND
Sorbitol � (�) ND ND ND (�) +
Sucrose + (+) + + + (+) +
Maltose + (+) + + ND ND +
Lactose � (�) � � � (�) ND
Trehalose + (+) ND ND ND (+) ND
Raffinose � (�) + + + (�) ND
Pyruvate w (�) ND ND ND (�) ND
Starch � (�) + + + (+) +c

Yeast extract + (+) ND ND ND (�) ND
Peptone + (�) ND ND ND (�) +d

Tryptone + (�) ND ND ND ND ND
Casamino acids + (�) ND ND ND ND ND
Gelatin � (�) + � + � �
Pectin + (�) ND ND ND ND ND

Strains designations: 1 strain JW/VK-KG4, 2 A. ayderensis AB04T (Dulger et al. 2004), 3 A. kestanbolensis K4T (Dulger et al. 2004), 4 A.
gonensis G2T (Belduz et al. 2003), 5 A. pushchinoensis K1T (Pikuta et al. 2000), 6 A. flavithermus DSM 2641T (Heinen et al. 1982)
All strains grow on glucose
+ positive, w weakly positive, � negative, ND not determined
a Aerobic and anaerobic substrate utilization tests are given without or within brackets, respectively
b Assayed as b-galactosidase activity
c Assayed as a-amylase activity
d Tentatively grows because the strain has been maintained on meat bouillon
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Besides common features distinctive from all An-
oxybacillus species, strain JW/VK-KG4 differs from the
nearest species A. ayderensis in more higher temperature
optimum (10�C difference), 1 pH difference upper limit,
differences in capability to grow on arabinose, xylose,
mannose, gelatin.

According to the low DNA–DNA homology between
strain JW/VK-KG4 and type strains of the validly de-
scribed species of the Anoxybacillus and on the basis of
the above mentioned phenotypic differences, we propose
that strain JW/VK-KG4 should be placed in the genus
Anoxybacillus as the type strain for the novel species, A.
kamchatkensis sp. nov.

Description of Anoxybacillus kamchatkensis sp. nov.

Anoxybacillus kamchatkensis (kam.chat.ken’sis L. part.
adj. – originating from Kamchatka penninsula, Far East
Russia).

Cells are straight rods as single cells or in pairs and
2.5–8.8 lm in length and 1.0 lm in width. Branched
cells are infrequently observed. Motile and peritri-
chously flagellated. Gram staining positive; Gram-type
positive cell wall. The strain forms terminal, oval spores
in the stationary growth phase. Aerobically grown col-
onies are pinpoint, yellowish translucent, round with an
even edge; anaerobically grown colonies form white,
opaque, round colonies with an even edge and flat sur-
face. Catalase and oxidase negative. The strain is an
alkalitolerant, moderate thermophile with an optimum
growth temperature (Topt) at 60�C, a Tmin 38 and
Tmax 67�C (no growth at or below 37�C and at or above
68�C). The pH25 C optimum for growth is broad (pH25

C6.8–8.5) with a pH25 C
min, 5.7 and pH25 C

max 9.9 (no
growth at or below pH25 C 5.6 and at or above pH25 C

10.0). Facultatively aerobic. Aerobic utilization of ri-
bose, glucose, fructose, galactose, mannitol, maltose,
trehalose, sucrose, pyruvate, yeast extract, peptone,
tryptone, casamino acids, and pectin. Anaerobic utili-
zation of glucose, fructose, mannitol, maltose, trehalose,
sucrose, and yeast extract. Starch and gelatin are not
hydrolysed. Requires yeast extract (0.1 g l�1) and B12

vitamin for growth on carbohydrates. Fermentation
products under anaerobic growth conditions from glu-
cose are lactate as main product and acetate, formate,
and ethanol as minor products. Products of incomplete
glucose oxidation are lactate, acetate, and traces of
fumarate, succinate, and ethanol. The G+C content of
the DNA is 42–43 mol%, as determined by thermal
denaturation. Habitat: volcanically heated thermal fields
of the Geyser Valley in Kamchatka, Russia. The type
strain is JW/VK-KG4T (= DSM 14988, =ATCC BAA-
549).
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