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Abstract Anaerobic enrichment culture with thiocya-
nate as electron donor and nitrate as electron acceptor
at 2 M NacCl inoculated with a mixture of sediments
from hypersaline lakes in Kulunda Steppe (Altai, Rus-
sia) resulted in a selection of a binary consortium
of moderately halophilic, obligately chemolithoauto-
trophic sulfur-oxidizing bacteria (SOB) capable of
complete denitrification of nitrate with thiosulfate as
the electron donor. One consortium member, strain
HRhD 3sp, was isolated into pure culture with nitrate
and thiosulfate using a density gradient. This strain was
responsible for the reduction of nitrate to nitrite in the
consortium, while a second strain, HRhD 2, isolated
under microoxic conditions with thiosulfate as sub-
strate, was capable of anaerobic growth with nitrite
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and thiosulfate. Nitrite, either as substrate or as prod-
uct, was already toxic at very low concentrations for
both strains. As a result, optimal growth under anaero-
bic conditions could only be achieved within the con-
sortium. On the basis of phylogenetic analysis, both
organisms were identified as new lineages within the
Gammaproteobacteria. As well as thiosulfate, strain
HRhD 2 can also use thiocyanate as electron donor,
representing a first halophilic SOB capable of growth
with thiocyanate at 2-4 M NaCl. Product and enzy-
matic analysis identified the “carbonyl sulfide (COS)
pathway” of primary thiocyanate degradation in this
new species. On the basis of phenotypic and genetic
analysis, strain HRhD 2 is proposed to be assigned to a
new genus and species Thiohalophilus thiocyanoxi-
dans.

Keywords Halophilic sulfur-oxidizing bacteria (SOB) -
Hypersaline lakes - Thiodenitrification - Thiocyanate -
Thiocyanate hydrolase

Introduction

Lithoautotrophic sulfur-oxidizing bacteria (SOB) play
an important role in mineral cycling in environments
where reduced sulfur compounds are actively gener-
ated by sulfate-reducing bacteria, such as surface sedi-
ments and chemocline layers of stratified waters.
Among the chemolithotrophic bacteria, SOB have the
best chance to adapt to extreme conditions, such as
high salt, because of the high energy yield obtained
from the eight-electron oxidation of sulfide/thiosulfate
to sulfate (Oren 1999). Nonetheless, until now, the
only species from this group, a neutrophilic moderately
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halophilic SOB able to grow at NaCl concentrations up
to 4 M Na(l, but still with an optimum growth at much
lower salinity, was discovered 15 years ago in an Aus-
tralian hypersaline lake (Wood and Kelly 1991) and is
currently known as Halothiobacillus halophilus (Kelly
et al. 1998; Kelly and Wood 2000).

Our research on the diversity of natronophilic
(sodium carbonate-loving) SOB inhabiting soda lakes
demonstrated the widespread potential of chemolitho-
autotrophic SOB to grow at high pH in sodium carbon-
ate brines (Sorokin and Kuenen 2005a, b). However,
apart of the pH, several other physicochemical proper-
ties of sodium carbonate (weak electrolyte) are differ-
ent from those of NaCl (strong electrolyte). Therefore,
different adaptation strategy/phenotypes might be
expected to thrive in chloride—sulfate hypersaline habi-
tats with neutral pH. Recently, we detected an unex-
pectedly large diversity of moderate to extremely
halophilic SOB inhabiting sediments of hypersaline
habitats with neutral pH. It included at least four
groups which formed new lineages within the Gamma-
proteobacteria (Sorokin et al. 2006).

The potential to grow anaerobically with nitrogen
oxides as the electron acceptor is one of the important
properties of several SOB species, such as Thiobacillus
denitrificans (a neutrophilic Betaproteobacterium) or
Thioalkalivibrio denitrificans (a haloalkaliphilic Gam-
maproteobacterium). This potential allows such SOB
to be active in the absence of oxygen, linking two
important inorganic element cycles. Our investigations
of alkaliphilic SOB in soda lakes enrichments with
thiosulfate and nitrate always resulted in the selection
of a mixture of incompletely denitrifying SOB that can
only drive a complete nitrate reduction in association,
such as with the nitrite-producing Thioalkalivibrio
nitratireducens and nitrite-reducing Thioalkalivibrio
denitrificans (Sorokin et al. 2003b). Use of another,
more difficult to utilize, electron donor, such as thiocy-
anate, resulted in the isolation of a complete denitri-
fier, Thioalkalivibrio thiocyanodenitrificans (Sorokin
et al. 2004).

In contrast, enrichments with the sediments from
hypersaline neutral habitats gave opposite results. With
thiosulfate as the electron donor, completely denitrify-
ing halophilic SOB were dominating in the enrichments
at 2 M NaCl, while replacement of thiosulfate by thio-
cyanate resulted in the selection of a coculture of two
incompletely denitrifying SOB species. The latter was
subject of the present investigation. The consortium
consisted of two moderately halophilic SOB species,
representing new lineages in the Gammaproteobacteria.
One of them can utilize thiocyanate as the electron
donor through the “carbonyl sulfide (COS) pathway”
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(Kelly and Baker 1990), being the first example of a sul-
fur-oxidizing bacterium able to grow with thiocyanate
at extremely high NaCl concentrations. It is described
here as a new genus and species.

Materials and methods
Sediment samples

A mixture of sediment samples from twenty hypersa-
line chloride-sulfate hypersaline lakes in Kulunda
Steppe (South-Western Siberia, Altai, Russia) was
used as the inoculum for the enrichment cultures. The
lakes contained 10-38 % (w/v) total salt with Na*, CI~
and SO}~ as dominant ions. The pH of the brines var-
ied from 7.5 to 8.5 (Sorokin etal. 2006). Sediment
cores were taken with a minicorer from the top 10 cm
layer. Most of the samples were black, silty mud with a
strong sulfide odor.

Enrichment and cultivation conditions

Basic mineral medium used for enrichment, isolation
and cultivation of halophilic SOB contained 0.5-4 M
NaCl, 10 mM K,HPO, and 5 mM NH,CI. The pH was
adjusted to 7.3 with 1 M HCI. After sterilization, the
medium was supplemented with 1 ml 17! of trace metal
solution (Pfennig and Lippert 1966), 2 mM MgCl, and
variable amounts of NaHCO; from filter-sterilized 1 M
stock solution (pH 8.0) as a carbon source and an addi-
tional alkaline buffer. Sodium thiosulfate (Fluka) and
potassium thiocyanate (Merck) were used as electron
donors and S-source at 5-35 mM and 5-10 mM final
concentrations, respectively. During cultivation the pH
was maintained within 7.2-7.8, either by addition of
NaHCOj or by injection of sterile CO,. Aerobic culti-
vation was performed in closed serum bottles with 10%
liquid either statically or on a rotary shaker at 100 rpm
at 30°C. For anaerobic cultivation, the same bottles
were used with 80% liquid medium and argon in the
gas phase. The electron acceptors used were nitrate (5—
20 mM) or nitrite (1-5 mM). Solid medium containing
1-2 M NaCl was prepared by 1:1 mixing of 24 M NaCl
complete liquid medium with 4% (w/v) agar (Noble,
Difco) at 50°C. The plates were incubated in closed
jars either aerobically at 2% O, or anaerobically under
argon with an oxygen-consuming catalyst (Oxoid).
Dialysis cultivation was performed in 1 L flasks filled
with anaerobic mineral medium containing 2 M NaCl.
A Centricon tube (Millipore) with the 10 kDa cut-off
membrane, sterilized with ethanol, was placed inside to
allow diffusion exchange between the culture inside the
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tube (20 ml) and the external medium. The culture was
stirred by a magnetic bar inside the tube. The sucrose
density gradient was prepared from 10 and 40% (w/v)
filter-sterilized solutions in 1 M NaCl. Gradient was
formed in 25 ml sterile centrifuge tube after layering 2
solutions within 2 h horizontally. 1 ml of concentrated
cells from the coculture was placed on the top of
sucrose solution and the cells were separated by centri-
fugation at 10,000 rpm for 10-30 min.

Activity tests

To determine the rates of conversion of nitrogen and
sulfur compounds under various conditions, washed
cells or cell-free extracts (obtained by sonication) were
incubated from 0.5 to 10 hours in 10 ml serum bottles
with either butyl- or grey-rubber stoppers [for carbonyl
sulfide (COS) metabolism]. Aerobic incubation was
performed with 2 ml reaction mixture statically, while
for anaerobic tests 5 ml liquid was incubated under
argon. In experiments on COS hydrolysis, total sulfide
was fixed by adding 1 ml of 10% (w/v) zinc acetate with
a syringe followed by 3 min vigorous shaking to absorb
H,S from the gas phase. The oxidation rates of sulfur
compounds by washed cells were also tested using an
oxygen electrode (Yellow Springs, Ohio, USA). Cyan-
ase activity in whole cells or in cell-free extracts was
measured by following ammonium formation from
2 mM sodium cyanate in the presence of 10 mM NaH-
CO; during 1 h at 30°C. Activity of nitrate-reductase
(NAR) and nitrite-reductase (NIR) were measured in
cell free extracts with reduced methyl viologen as the
electron donor (Murillo et al. 1999).

Enzyme purification

Freeze-dried biomass (1.6 g) prepared from the cells
grown with thiocyanate at 2 M NaCl was rewetted in
0.1 M potassium phosphate buffer, pH 7.5 and dis-
rupted in Hughes pressure cell at 220kg (cm®)~.
Ammonium sulfate was added to the resulting cell-free
extract up to 30% saturation and after 1 h incubation
at 4°C the precipitate was discharged. The resulting
supernatant was diluted 80 times and loaded onto a
DEAE-Sepharose column (1 x 14cm, Fast Flow
Amersham Biosciences) equilibrated with 50 mM Tris-
HCI. The proteins were eluted by a NaCl gradient from
0 to 0.5 M NaCl and the active fractions were pooled
and concentrated using Ultraconcentration Cell (Milli-
pore). Next purification step was performed on a gel
filtration column Superdex™ 200 (10/300 Amersham
Biosciences) equilibrated with 50 mM Tris-HCl1/0.2 M
NaCl, pH 7.8, at 20°C. An active fraction, obtained

from this step, was contaminated with cyanase. To sep-
arate the thiocyanate hydrolase from the cyanase, a
second anion-exchange column MonoQ 10/100 Gl
(Amersham Biosciences) was employed equilibrated
by 50 mM Tris-HCI, pH 8.0, with 0-0.5 M NaCl gradi-
ent elution. Each purification stage was followed by
protein gel electrophoresis of the active fraction(s)
(Davis 1964; Laemmli 1970).

Analytic procedures

Nitrogen (nitrate, nitrite, ammonium, cyanate, N,O)
and sulfur (sulfide, thiosulfate, sulfate, thiocyanate, tet-
rathionate) compounds were analyzed as described
previously (Sorokin et al., 2001 a, b; 2004). COS was
detected in 1 ml gas samples by GC (model Packard
438 A) with a 2 m glass column (4 mm ID) packed with
Carbopack B HT100 (40/60 mesh) and N, as a carrier
gas at a flow rate of 80 ml/min. Column temperature
was 80°C, detector (FPD) and injector temperature
was 190°C (Derikx et al., 1990). Cell protein was ana-
lyzed by Lowry method after removal of interfering
sulfur compounds either by washing (thiosulfate, thio-
cyanate) or by overnight extraction with acetone
(sulfur). Cellular fatty acids were extracted with
methanol-chloroform mixture and analyzed by GC-
MS according to Zhilina etal. (1997). For electron
microscopy, the cells were suspended in 1 M NaCl, pH
8 and immediately frozen at —-80°C until processing.
The cells were thawed in 3% (v/v) glutaraldehyde in
0.1 M cacodylate buffer + 1 M NaCl, pH 7 for 2 h on
ice, then washed in the same buffer. Cells were post-
fixed in 1% (w/v) OsO, + 1 M NaCl for 3h at room
temperature, washed and stained overnight with 1%
(w/v) uranyl acetate, dehydrated in an ethanol series
and embedded in Epon resin. Thin sections were
stained with 1% (w/v) lead citrate.

DNA analysis

The isolation of the DNA and subsequent determina-
tion of the G + C content was performed by the ther-
mal denaturation/reassociation technique (Marmur,
1961). Genomic DNA for PCR was extracted from the
cells using the UltraClean Soil DNA Extraction Kit
(MolBio Laboratories, USA), following the manufac-
turer’s instructions. The nearly complete 16S rRNA
gene was obtained from pure cultures using bacterial
primers GM3F and GM4R (Schifer & Muyzer, 2001).
The PCR products were purified from low-melting aga-
rose using the Wizard PCR-Prep kit (Promega, USA)
according to the manufacturer’s instructions. Sequenc-
ing was performed using Big Dye Terminator v.3.1
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sequencing reaction kit at ABI 3730 DNA automatic
sequencer (Applied Biosystems, Inc., USA). The
sequences were first compared with those stored in
GenBank using the BLAST algorithm. The sequences
were aligned with those from the GenBank using
CLUSTALW. Phylogenetic trees were reconstructed
with four different algorithms using TREECONW
program package (van de Peer & de Wachter, 1994).
The sequences of the 16S rRNA genes obtained in
this work have been deposited in the GenBank under
the accession numbers DQ469584 (strain HRhD 2)
and DQ836238 (strain HRhD 3sp).

Results

Thiodenitrification in a mixed culture of halophilic
SOB

In our study of thiocyanate degradation at high salt con-
centration by halophilic SOB from hypersaline lakes the
aerobic enrichments did not result in stable cultures
(Sorokin et al. 2006). In contrast, anaerobic enrichments
at 1-2 M NacCl gave stable, albeit very slowly growing,
mixed cultures where oxidation of thiocyanate to sulfate
was linked to a complete reduction of nitrate to dinitro-
gen gas (Fig. 1a). However, serial dilutions with thiocya-
nate were positive only up to 10~* with 4-5 different
morphotypes still present. Replacement of thiocyanate
by thiosulfate eventually allowed the mixed culture to
minimize to a binary coculture able to reduce nitrate to
dinitrogen with N,O as a minor gaseous intermediate at
1-2 M NaCl (Fig. 1b). This association consisted of thin
rods as the dominant morphotype and thick vibrios as
the minor component (Fig.2a). The mixed culture
could not be separated under these conditions, which
indicated that the minor component most probably initi-
ated the reaction. When this type was diluted out to
extinction (10~%), the second, more abundant organism,
was not able to grow. The latter could be purified by two
ways: (1) after serial dilutions with thiosulfate under
microoxic conditions, and (2) on anaerobic plates with
nitrite and thiosulfate directly from the mixed culture.
The strain was designated HRhD 2 (Fig. 2b, d). When
tested under anaerobic conditions, this strain could only
grow with nitrite as the electron acceptor and at very
low concentrations (below 1 mM). This made it clear,
that the minor vibrio-shaped component of the associa-
tion is a nitrate reducer. Its isolation in pure culture was
possible only after selective physical enrichment by den-
sity gradient, which made it numerically dominant over
HRAD 2. From this enriched material it was possible to
purify the vibrio-shaped morphotype, designated strain
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Fig. 1 Growth dynamics of halophilic thiodenitrifying mixed cul-
ture with thiocyanate at 1 M NacCl (a) and with thiosulfate at 2 M
NaCl (b). Open circles, biomass; closed circles, thiocyanate in (a)
or thiosulfate in (b); open triangles, nitrate; closed triangles,
ammonium; diamonds, sulfate; x, N,O

HRhD 3sp (Fig. 2, c¢), using the medium with 5 mM
nitrate and 2 mM thiosulfate. Anaerobic growth of the
nitrate-reducing strain HRhD 3sp in pure culture was
very poor because of rapid inhibition by the accumulat-
ing nitrite — a final product of nitrate reduction. As soon
as nitrite concentration reached 2-2.5 mM the culture
stopped growing and sulfur started to accumulate.
Therefore toxicity of nitrite, both for the nitrate- and
nitrite-reducing members of the halophilic thiodenitrify-
ing coculture can be regarded as the major reason for
them to work in association. This was confirmed in a
dialysis culture of HRhD 3sp, whereby the removal of
nitrite from the culture vessel allowed a much higher
density and the complete oxidation of 10 mM thiosulfate
to sulfate (Supplementary Figure.).

Characteristics of the members of thiodenitrifying
association

Comparative characteristics of two SOB strains iso-
lated from the thiodenitrifying association are given in
Table 1. Both HRhD strains are moderately halophilic,
obligately chemolithoautotrophic SOB capable of
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Fig. 2 Cell morphology of
halophilic thiodenitrifying
bacteria from hypersaline
habitats. a, binary culture
grown anaerobically with
thiosulfate and nitrate; b, d
pure culture of nitrite-reduc-
ing strain HRhD 2; ¢, pure
culture of nitrate-reducing
strain HRhD 3sp. a—c, phase
contrast microphotographs;
d, thin section, bar = 1 pm

ol
e

Table 1 Comparative properties of the two members of halophilic thiodenitrifying consortium

Property

Strain HRhD 3sp

Strain HRhD 2

Role in the consortium

8NO;5 +25,0% +2H,0>>
8NO; +4S03~ +4H"

8NO; +3S,03 +2H*">>
4N, + 6503~ + H,0

Average cell volume 2.0 0.40
in consortium (um?)
Biomass in the 40-50 50-60
consortium (% from total)
Growth with thiocyanate - +
Aerobic growth with S,03~ at<5% O, at fully aerobic conditions
Growth inhibition 2.5-3 1
by nitrite (mM)
Hmax with 82037
at2M NaCl (b7
anaerobic 0.030 0.06
aerobic 0.021 0.10
Y at 2 M NaCl (mg protein mmol ~!)
aerobic with S,03~ 32 5.6
anaerobic with S,03~ 3.0 6.9

NaCl range for growth (M):
Respiratory activity at 2 M NaCl
(nmol O, mg protein~! min~')

NCS” 0
HS 120
S,0%~ 100
S,0%~ 0
Sg 0
NAR (nmol mg protein—! min~!) 650
NIR (nmol mg protein~! min~!) 0
Yellow pigment -
DNA G + C content (mol%) 63.5

1.0-2.5 (opt. 1.0)

1.0-4.0 (opt. 1.5-2.0)

110
360
280
55
40
0
110
+
582

utilizing sulfide and thiosulfate as electron donors.
Strain HRhD 3sp is a nitrate reducer with high NAR
activity, but it can not reduce nitrite or N,O. The NAR
activity is membrane-associated and was inhibited by
NaCl. The bacterium can also grow aerobically with
thiosulfate, but only at low O, concentrations (<5% in

the gas phase). It is characterized by a low growth rate,
low yield and low respiratory activity. In contrast, the
nitrite-reducing strain HRhD 2 grew well under fully
aerobic conditions, had relatively high respiration rates
with thiosulfate and sulfide, higher growth rates and
high growth yield on thiosulfate, and a much higher
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salt tolerance. The growth yield of strain HRhD 2 was
among the highest values known for sulfur-oxidizing
chemoautotrophs (Kelly 1999). Also unusual was the
higher efficiency of anaerobic growth, which might
indicate the operation of different pathways for oxidiz-
ing thiosulfate under aerobic and anaerobic conditions.
Furthermore, under aerobic conditions, this bacterium
produced a membrane-bound, methanol-extractable
yellow pigment with an absorption maximum at
410 nm. The cells of HRhD 2, grown anaerobically
with nitrite, can reduce nitrite and N,O, but not nitrate
in the presence of thiosulfate as the electron donor.
Anaerobic growth with N,O as an electron acceptor
was not observed. Spectroscopy indicated the presence
of a cytochrome cd,-type of nitrite reductase, the activ-
ity of which was mostly found in the soluble fraction of
cell-free extract. In contrast to the NAR activity of
HRhD 3sp, the NIR activity of HRhD 2 was stimulated
by NaCl with an optimum at 3 M. The activity of N,O-
dependent thiosulfate oxidation by whole cells of
HRhD 2 had an optimum at 2 M NaClL

Aerobic growth of strain HRhD 2 with thiocyanate

Since both isolates originated from the enrichment
with thiocyanate as electron donor, they were tested
for the ability to grow with thiocyanate under aerobic
and anaerobic conditions. The nitrate-reducing strain
HRhD 3sp did not grow, while the nitrite-reducing
HRhD 2, after a relatively long adaptation period,
started to grow with thiocyanate under aerobic condi-
tions. Anaerobic growth with thiocyanate and nitrite
was only observed in dialysis culture with 0.1 mM
nitrite in the outside medium. All further experiments
were conducted under aerobic conditions.

Strain HRhD 2 grew aerobically with thiocyanate at
NaCl concentration between 1 and 3 M, and after
adaptation, up to 4 M. It is the first SOB representative
capable of utilizing thiocyanate under these conditions.
The maximum specific growth rate and growth yield
with thiocyanate were 0.038 h™! and 5.8 mg protein
mmol !, respectively, at 1.5 M NaCl. At 4 M NaCl the
values decreased to 0.011h~! and 3.9mg protein
mmol !, respectively. Final products of thiocyanate

metabolism were sulfate and ammonium (90-95 and
80-85 % recovery). Cyanate (CNO") was not detected.

Only cells grown with thiocyanate, but not with
thiosulfate, were able to convert thiocyanate into sul-
fate, evident both from thiocyanate disappearance
and oxygen consumption experiments. The maximum
rate of thiocyanate-dependent respiration observed in
washed cells at 2 M NaCl was 110 nmol O, (mg pro-
tein min)~! The activity with thiosulfate was of the
same magnitude, which was 2-3 times lower than in
thiosulfate-grown cells, while the sulfide-oxidizing
potential remained as high. The latter indicated sul-
fide (or sulfane) as a possible intermediate of thiocya-
nate oxidation. Despite the fact that cyanate was not
found among the products, growth with thiocyanate
induced cyanase in the cells of HRhD 2. Maximum
cyanase activity (200 nmol mg protein~! min~!) was
found at 0.2 M NaCl and it was 75% inhibited at 2 M
NaCl

Mechanism of thiocyanate oxidation in strain HRhD 2

Incubation of the cells and cell-free extract under
anaerobic conditions with thiocyanate resulted in thio-
cyanate disappearance with concomitant production of
ammonium and sulfide (Table 2).

The activity was found mostly in the soluble fraction
of cell-free extract. However, while the production of
ammonium was in good balance with consumed thiocy-
anate, the sulfur balance was far from complete, indi-
cating the formation of an intermediate. Carbonyl
sulfide (COS) formation was suspected to be the case.
Indeed, this gaseous compound was found to be pro-
duced as an intermediate of thiocyanate degradation in
strain HRhD 2. While in growing aerobic culture its
concentration was insignificant, during anaerobic incu-
bations of washed cells, and especially in cell-free
extract, COS was a major sulfur-containing product of
primary thiocyanate degradation (Table 3). Further
evidence favoring the “COS pathway” was obtained
from the experiments on COS hydrolysis to H,S by
washed cells and cell-free extract of HRhD 2. Despite
active abiotic COS hydrolysis at pH above 6, enzymatic
hydrolysis was still 1.5 times faster. The maximum

Table 2 Anaerobic primary

. . Preparation Buffer Rate of CNS™ degradation Product balance, %
degradation of thiocyanate by 1
nmol (mg prot h)
washed cells and cell free ex- NH; H,S/HS
tract of strain HRhD 2 grown
with thiocyanate at 2 M NaCl Whole cells pH 7.0 IM NaCl 275 95 40
pH 81 M NaCl 240 92 64
Cell-free extract pH 7.0 0.2 M NaCl 180 102 13
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Table 3 Carbonyl sulfide
formation during thiocyanate
degradation by strain HRhD 2

Type of incubation

Incubation conditions

COS, % from

converted
NaCl ( M) pH 02 CNS-
Growing culture 1.5 7.5 Aerobic 0.16
1.0 7.0 3.0
Washed cells 1.0 7.3 Anaerobic 28.7
1.0 8.1 23.0
Cell-free extract 0.2 7.0 85.0

enzymatic rate of COS hydrolysis at pH 8 was 2 nmol
H,S (mg protein min)~".

The enzyme responsible for the thiocyanate hydro-
lysis, with an apparent molecular weight of 140 kDa
(Fig. 3a), was partially purified in two chromatography
steps from the cell-free extract of strain HRhD 2
grown with thiocyanate at 2 M NaCl. It hydrolyzed
thiocyanate to ammonium and sulfide with a maxi-
mum rate of 6 pmol (mg prot min)~! and K = 6 mM.
NaCl inhibition of the activity at concentrations near
50 mM most likely indicate intracellular localization of
the enzyme. Electrophoresis under denaturing condi-
tions showed a presence of three major subunits with
molecular weight 29, 19 and 17 kDa and one minor
polypeptide of 14 kDa (Fig. 3b). The latter turned
out to be a subunit of the enzyme cyanase, which
was tightly associated with the thiocyanate hydrolase.
Its apparent native molecular weight was 70 kDa
(Fig. 3a). Use of a second anion-exchange column
allowed separation of the cyanase from the thiocya-
nate hydrolase without substantial loss in the activity
of the latter. Further characterization of both enzymes
is currently in progress.

Identification of the isolates

Phylogenetic analysis of the halophilic thiodenitrifying
coculture placed both of its members into the Gamma-
proteobacteria as new lineages (Fig.4). The nitrite-
reducing and thiocyanate-utilizing strain HRhD 2
clustered with a group of marine thiodenitrifyers (Sievert
and Muyzer, unpublished), while the nitrate-reducing
HRID 3sp is a separate species within a new group
of moderately halophilic complete thiodenitrifyers
recently discovered in hypersaline habitats (Sorokin
et al. 2006). Strains HRhD 2 and HRhD 3sp are depos-
ited in DSMZ (Germany) and UNIQEM (Russia) cul-
ture collections under the numbers DSM 16326/DSM
16925 and U231/U247, respectively.

Discussion

Denitrification in a binary culture

Previously we reported a case of selection of a binary
thiodenitrifying culture consisting of nitrate-reducing

Eig. 3 Protein §lectrophore— a M P 3 b M 1 2
sis results showing purifica-
tion of thiocyanate hydrolase . —
and cyanase from halophilic 669 ——
strain HRhD 2. a-7.5% | I
native gel, b—12.5% SDS gel; 440
M - markers, (1) active frac- :
tion after gel-filtration step;
(2) and (3) - separation of [
thiocyanate hydrolase and 030
cyanase by second anion _—
chromatography step; '
TH- thiocyanate hydrolase 140
_ , 30 w—
C- cyanase v = E— TH —n -\
25 — TH
20 — /
- —
c —
67 . 15 -
10—
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Fig. 4 Phylogenetic position 0.05

of the representative strains of — 100 Thiomicrospira kuenenii JB-A1", AF013978

binary halophilic thiodenitri- 100 Thiomicrospira crunogena ATCC 359327, L40810

fying culture within the
Gammaproteobacteria based
on 16S rRNA gene sequence
analysis. Tree topography and
evolutionary distances are
given by the neighbor-joining
method with Jukes and Can-
tor distances. Numbers at the
nodes indicate the percentage
of bootstrap values for the
clade in 1000 replications. -
Only values above 90% are
shown

99 Thioalkalimicrobium aerophilum AL 3T, AF126548
_D Thiomicrospira pelophila DSM 1534", 1.40809
Unidentified gamma proteobacterium JTB254, AB015253
Sulfur-oxidizing bacterium OAII2, AF170423
Sulfur-oxidizing bacterium NDII1.1, AF170424
Thiohalophilus thiocyanoxidans HRhD 2", DQ469584

Thioalkalispira microaerophila ALEN 17, AF481118

r Nitrococcus mobilis ATCC 25380T, L35510
i Alkalispirillum mobile SL-1T, AF114783

Halorhodospira halophila Ph-C1", AJ278688

Allochromatium vinosum ATCC 17899T, M26629
Ectothiorhodospira haloalkaliphila BN 99037, X93479

Thioalkalivibrio versutus AL 2T, AF126546
‘Thiobacillus prosperus’ DSM 5130, AY034139

9 100 HLD 1, DQ469580
_E HRhD 3sp, DQ836238
—_ 81 Halothiobacillus kellyi Milos-BII1T, AF170419
100 L Halothiobacillus neapolitanus DSM SSIT, AF173169

100 E Halothiobacillus halophilus DSM 61327, U58020
Halothiobacillus hydrothermalis DSM 71217, M90662

100 Acidithiobacillus caldus DSM 8584, 729975

and nitrite-reducing specialized SOB under haloalka-
line conditions with thiosulfate as the electron donor
(Sorokin et al. 2003a). A single-organism capable of
complete denitrification under alkaline conditions was
found when thiocyanate was used instead of thiosulfate
(Sorokin et al. 2004). In the case of halophiles, how-
ever, the situation is the opposite: with thiosulfate
as the electron donor, complete thiodenitrifyers were
dominated in the enrichments from hypersaline habi-
tats (genus “Thiohalomonas”, Sorokin etal. 2000),
while substitution of thiosulfate by thiocyanate made
development of the latter impossible and resulted in
the selection of a tandem of two incomplete halophilic
thiodenitrifyers. Interestingly, the nitrate-reducing
member of the halophilic coculture, strain HRhD 3sp,
belongs to the abovementioned group of complete
halophilic thiodenitrifyers of the new genus “Thio-
halomonas” as a separate species.

The question of feasibility and reasons that lay
behind the phenomenon of “tandem” instead of single-
organism conversions has recently been addressed in a
theoretical paper using two-stage autotrophic nitrifica-
tion as a well-known example (Costa et al. 2006). The
authors believe that the growth kinetics (growth rate
versus growth yield) and the substrate fluxes might be
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—l_ cidithiobacillus thiooxidans DSM 504" M79396-M79398
100 cidithiobacillus ferrooxidans ATCC 23270", AF4656

an important factor. In general, high substrate fluxes
favor fast growing organisms specialized on short path-
ways, such as incomplete nitrifiers or other incomplete
oxidizers, outcompeting other organisms on the basis
of fast growth. Slow growing, high yield organisms
have an advantage at low substrate flow in biofilms. In
the case of alkaliphilic thiodenitrification this explana-
tion is also true, e.g. an “easy and fast” electron donor
(thiosulfate) selects for incompletely denitrifying spe-
cialists, while a “difficult and slow” substrate (thiocya-
nate) allowed the selection of slowly growing, but
complete thiodenitrifiers. In the case of halophilic thio-
denitrification the opposite result can not be explained
only from kinetic point of view. We suspect that in this
case toxicity of the intermediate (nitrite) is more
important. At high pH nitrite is much less toxic and,
therefore, could be accumulated at much higher con-
centration before it starts affecting the denitrifiers.
At neutral pH nitrite becomes toxic for the nitrate-
reducing strain HRhD 3sp at 3 mM and for the nitrite-
reducing strain HRhD 2 at 1 mM. Therefore, its
accumulation must be kept in check, making thiocya-
nate a better choice for this tandem culture. On the
other hand, complete halophilic denitrifyers growing
fast with thiosulfate rapidly produce but also rapidly
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reduce nitrite and can tolerate up to S mM (Sorokin
etal. 2006). Interestingly, this difference was only
important during the selection. Once isolated, the halo-
philic tandem grew actively with thiosulfate as the elec-
tron donor without any intermediate production of
nitrite, thus being more successful than complete halo-
philic denitrifiers. One of the questions remaining
unanswered is which organism was responsible for the
thiocyanate-dependent nitrate reduction in the halo-
philic denitrifying enrichment? Since the final binary
culture was obtained with thiosulfate and its nitrate-
reducing member, strain HRhD 3sp, was unable to
grow with thiocyanate, it can be concluded that the
bacterium performing thiocyanate-dependent nitrate
reduction at halophilic conditions was lost during the
switch to thiosulfate.

Thiocyanate metabolism in halophilic strain HRhD 2

Strain HRhD 2 represents a first example of a SOB
able to grow with thiocyanate in NaCl brines, although
the growth rate at salt concentrations above 2 M was
dramatically decreased. In contrast to haloalkaliphilic
thiocyanate-utilizing SOB (Sorokin etal. 2001 b;
2004), the halophilic strain HRhD 2 did not produce
significant amounts of cyanate during thiocyanate
degradation. The same was true for the neutrophilic
Thiobacillus thiocyanoxidans (now Thiobacillus thiop-
arus) notwithstanding a “cyanate (CNO™) pathway”
for primary thiocyanate degradation being implicated
on the basis of high cyanase activity induced by thiocy-
anate (Youatt 1954). Strain HRhD 2 was also found to
induce high cyanase activity during growth on thiocya-
nate. Nevertheless, this bacterium most probably
employs the “COS pathway” of thiocyanate hydrolysis
at nitrile bond (Kelly and Baker 1990):

NgC-S"+ Ho0 —7—> 0=C=S + H,0 ——>CO; + HS—> SO

NH3

The reason(s) for the presence of cyanase is unclear,
but a similar situation seemed to be observed with a
methylotrophic bacterium utilizing thiocyanate as the
nitrogen source (Wood et al. 1998). The “COS path-
way” was described in one of the strains of Thiobacillus
thioparus and the enzyme, responsible for the conver-
sion of thiocyanate to COS and ammonium, is known
as thiocyanate hydrolase (Katayama and Kuraishi 1978;
Katayama et al. 1992; 1993). It contains three subunits,
structurally related to the family of Co-containing
nitrile-hydratases (Katayama et al. 1998; 2006). Our
preliminary enzymology results indicate that the halo-
philic strain HRhD 2 most likely contains the same
type of thiocyanate-hydrolyzing enzyme, despite its

different phylogenetic position (Gammaproteobacteria
instead of Betaproteobacteria). The specific enzyme (if
it exists) hydrolyzing COS (“COS hydrolase”) has
never been studied in thiocyanate-utilizing SOB. One
possibility is that cyanase might be responsible for the
COS hydrolysis, which would explain its presence and
tight association with the thiocyanate hydrolase in the
absence of the formation of its true substrate (cya-
nate). Another possibility could be that thiocyanate
hydrolase is nonspecifically involved in the COS hydro-
lysis. In any case, further enzymological work is neces-
sary to fully understand the mechanism of thiocyanate
degradation in HRhD 2.

The moderately halophilic, thiocyanate-utilizing and
nitrite-reducing strain HRhD 2 represents a new line-
age within the Gammaproteobacteria different from any
recognized genera. It also has unique phenotypic prop-
erties. On the basis of its genetic and phenotypic prop-
erties, strain HRhD 2 is proposed to be assigned into a
new genus and species Thiohalophilus thiocyanoxidans.

The nitrate-reducing strain HRhD 3sp, together
with a number of moderately halophilic complete thio-
denitrifying isolates from hypersaline lakes (Sorokin
et al. 2006), will be described separately elsewhere as a
separate species of a new genus “Thiohalomonas”.

Description of Thiohalophilus gen. nov

(thi.o.ha.lo.phi'lus. Gr.n. thios sulfur; Gr. n. hals, halos
salt of the sea, Gr. adj. philos loving;

N. L. neut. n. Thiohalophilus sulfur and salt loving).

The cells are nonmotile long rods with a Gram-neg-
ative cell wall. Obligately chemolithoautotrophic and
facultatively anaerobic. Utilizes reduced sulfur com-
pounds, including thiocyanate, as the electron donor
with oxygen or nitrite as the electron acceptors. Mod-
erately halophilic. A member of the Gammaproteobac-
teria. Habitat — hypersaline lakes.

Description of Thiohalophilus thiocyanoxidans
sp. nov

(thi.o.cyan.ox.’i.dans. Gr.n. thios sulfur; Gr.adj. cyan
blue; N. L. n. thiocyanatum thiocyanate; N. L. v. oxido
to oxidize; M. L. part adj. thiocyanoxidans oxidizing
thiocyanate).

Cells are thin nonmotile rods of variable size (0.35-0.4
x 2-6 um) with a Gram-negative type of cell wall. During
aerobic growth a membrane-bound yellow pigment is
produced. Obligately chemolithoautotrophic. Utilize sul-
fide, thiosulfate and thiocyanate as the electron donor
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with sulfate as the final oxidation product. Thiocyanate is
degraded through the “COS pathway” with an enzyme of
the thiocyanate hydrolase type. Cells grown with thiocya-
nate have cyanase activity. Facultatively anaerobic, utiliz-
ing nitrite as an alternative electron acceptor. Moderately
halophilic with a salinity range for growth from 1.0 to
4.0 M NaCl and an optimum at 1.5 M. The pH range
for growth is from 6.5 to 8.2 with an optimum at pH 7.5.
The presence of high amounts of iso-heptadecenic acid
(i17:1®5) is a unique signature of the species. Other dom-
inant cellular fatty acids are 16:0 and 16:107. The G + C
content of the DNA is 58.2 mol% (T,). Isolated from the
sediments of hypersaline lakes in SW Siberia (Russia).
The type strain, HRhD 27, is deposited in DSMZ and
UNIQEM culture collections under the numbers DSM
16326 and U231, respectively. The GenBank 16S rDNA
sequence accession number is DQ469584.
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