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FIG. 1. (A and C) Epifluorescence photomicrographs of strains CVO (A) and FWKO B (C) grown with sulfide and nitrate (bars = 20 pm). (B and D) SEM
photomicrographs of strains CVO (B) and FWKO B (D) grown on sulfide and nitrate (bar = 2 pm).

designed for growth of lactate-oxidizing SRB were unsuccess-
ful (results not shown).

Fermentation. Fermentative growth was not observed for
strain CVO or FWKO B when tested on a variety of carbon
substrates (Table 1), and neither CVO nor FWKO B grew in
organic-rich, complex growth media designed for anaerobic
growth of heterotrophic microorganisms.

Aerobic growth. Neither strain was capable of growth on
sulfur, thiosulfate, or various carbon sources under fully aero-
bic (21% O,) conditions (Table 1). However, autotrophic
growth was observed for both strains under microaerophilic
conditions (1% O,), with CVO using either sulfide or elemen-
tal sulfur and FWKO B using hydrogen as an electron donor
(Table 1).

Temperature, salts, and pH ranges. Growth of CVO oc-
curred over a temperature range of 5°C (i.e., the lowest tested)
to 35°C, a salinity range up to 7% NaCl, and a pH range from
5.5 to 85 (ie., the highest tested). FWKO B grew over a

temperature range of 10°C to 40°C, a salinity range of up to 3%
NaCl, and a pH range from 6.0 to 8.5 (Table 3).

Sulfur and nitrogen transformation. Complete oxidation of
0.5 to 2.0 mM sulfide and 0.5 to 3.0 mM sulfide by CVO and
FWKO B, respectively, occurred within 48 h under anaerobic
conditions (Table 4). At the lower sulfide concentrations
tested, CVO transformed 80 to 100% of the sulfide oxidized to
SSC (Table 4), primarily in the form of sulfate, whereas at the
higher sulfide concentrations tested, less than 15% of the sul-
fide oxidized was converted to SSC, suggesting that the major-
ity of sulfide had been oxidized to elemental sulfur. However,
only 29% of the sulfide-S, on average, was accounted for as
elemental sulfur, while 61% of the total sulfur (Table 4, AS)
remained unaccounted for. In contrast, oxidation of sulfide by
FWKO B resulted in no increase in SSC regardless of the
initial sulfide concentration. Instead, elemental sulfur ac-
counted for 40 to 60% of the oxidized sulfide, on average,
leaving the balance of the insoluble sulfur unaccounted for

158nB AQ $#T0Z ‘TZ 1990190 U0 /610" Wwse’wae//:dny wolj papeojumoq



VoL. 66, 2000

TWO NOVEL NITRATE-REDUCING, SULFIDE-OXIDIZING BACTERIA

2495

TABLE 1. Major characteristics of strains CVO and FWKO B isolated from oil field brine

Parameter

Value®

CVO FWKO B

Morphology

Width (pm)

Length (m)

Spores

Motility

Gram stain

Blood agar

Oxidase test

H,0O, decomposition
Aerobic growth

Slightly curved rods
0.4

Slightly curved rods
0.4 .
1.0-2.0

0.6-0.8

_b +

Acetate, succinate, lactate, fumarate, malate, formate, pyruvate, glucose, glycerol — —

S,0,*
SO

Microaerophilic growth (1% O,)
HS™

H,
Anaerobic growth on NO;™ by oxidation of:
HS™
S,0,*
SO

H,

Formate

Acetate, pyruvate, succinate, fumarate, lactate, propionate, glucose
Anaerobic growth on NO, by oxidation of:

Anaerobic growth on N,O (2%) by oxidation of HS™
Anaerobic growth on H, by reduction of S°
Anaerobic growth on acetate by reduction of S°

+

|
I+ + 1|

+
|

Growth by fermentation of pyruvate, succinate, lactate, fumarate, malate, aspartate — —

¢ +, positive; —, negative.
® Nonmotile or only weakly motile.

¢ Only a fivefold increase in cell numbers was observed after 5 days of incubation.

4 ND, not determined.

(Table 4, AS). These sulfur values are likely underestimates of
the true values, since extraction of elemental sulfur from bio-
logical cultures via solvent extraction can be problematic due
to the propensity of sulfur to form aggregates with the biomass
and adhere to surfaces. However, the fact that SSC did not
increase further suggests that elemental sulfur was the sole end
product.

At the lower sulfide concentrations tested, strain CVO con-
verted over 60% of the nitrate reduced to nitrite, while less
than 50% of the nitrate consumed was reduced to nitrite at the
higher sulfide concentrations tested (2.0 and 3.0 mM). The
nitrate-N unaccounted for is presumed to be in the form of
nitrous oxide or dinitrogen gas. When strain CVO was added
to CSB medium containing ['*N]nitrate (5 mM) and 3.0 mM
sulfide, the production of °N,O was detected but not that of
5N, (results not shown). Furthermore, there was no increase
in ammonium. Growth of CVO did not occur, however, in CSB
medium (0.5 mM sulfide) without nitrate in the presence of a
headspace containing nitrous oxide (2%), nitrogen, and CO,,
suggesting that CVO is capable of denitrification. In contrast,
nitrate reduction by FWKO B at all sulfide concentrations
tested resulted in complete conversion to nitrite.

16S RNA oligonucleotide probe. A 16-base oligonucleotide
probe (CLI) targeting a unique region of 16S rRNA from
strain CVO did not display a strong hybridization signal with
nucleic acids (primarily 16S RNA) from other sulfide-oxidizing

bacteria (Fig. 3). However, a weaker hybridization signal, not
visible in Fig. 3, was observed with Thiomicrospira denitrificans,
while lengthening the probe to 21 bases apparently decreased
the specificity so that both Thiomicrospira denitrificans and
CVO displayed signals of equal intensity (results not shown).
No hybridization was observed between the CLI probe and
nucleic acids from strain FWKO B (Fig. 3). However, the CLI
probe did strongly hybridize with nucleic acids from strain
CVO, as expected, as well as nucleic acids from an enrichment
of NR-SOB from produced brine collected at producing well
59-20. No hybridization was evident with nucleic acids from
isolate Light C, which is an unidentified photosynthetic NR-
SOB (possibly Chromatium sp.) isolated from CV-produced
brine. As a positive control, it was shown that nucleic acids
from all cell types hybridized with the general eubacterial
probe EUB 338 (3).

Phylogenetic analysis. The top 100 hits of Blast searches
with 16S rRNA gene sequences (positions 49 to 1313; E. coli
numbering) of CVO, FWKO B, and Campylobacter sp. strain
DSM 806 were all within the epsilon subdivision of the division
Proteobacteria. Although these included matches with uncul-
tured hydrothermal vent eubacteria and unidentified epsilon
proteobacteria, only sequences of cultured and physiologically
characterized representatives from this division were retrieved
from GenBank. This included the best-matching sequences
and sequences of representatives of genera within the epsilon
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FIG. 2. (A) Growth curves and sulfide consumption rates, respectively, for CVO (O and @) and FWKO B (m and [) growing at 30°C in DTA brine medium
containing 2 mM sulfide and 10 mM KNOj. Cell numbers are expressed as AODC. (B) Cell density versus sulfide consumption for CVO and FWKO B plotted from
data in panel A. Linear trend lines and R® values were determined with Microsoft Excel 97 by setting the y intercept to 0.

subdivision. Pairwise sequence similarities calculated with the
GCG program GAP ranged from 88 to 99%. The PileUp
dendrogram derived from all pairwise similarity coefficients is
shown in Fig. 4A. The 16S rRNA sequence of CVO was most
similar to that of Thiomicrospira denitrificans (96.1% similari-
ty), while the sequence of FWKO B was most closely related to
that of Arcobacter spp. (92% similarity) and Sulfurospirillum
spp. (90% similarity). The sequence obtained for Campy-
lobacter sp. strain DSM 806 was nearly identical to that of
Campylobacter sp. strain CCUG 1392 CLO. Both of these
environmental Campylobacter spp. are most closely related to
members of the newly defined genus Sulfurospirillum. The phy-
logenetic tree obtained with PAUP (Fig. 4B) closely matches

TABLE 2. Growth of strains CVO and FWKO B on organic or
inorganic carbon sources in the presence of various
electron donors and acceptors

Growth on carbon source”

Strain/donor/acceptor

CO,-acetate CO, Acetate
CVO/HS /NO;~ + + +
CVO/S/NO;~ + ND ND
FWKO B/HS/NO;~ + + -
FWKO B/H,/S° + + ND
“ND, not determined; +, growth; —, no growth; *, as much as 0.4 mM

bicarbonate was transferred with the inoculum (2%) such that at least some of
the growth yield (107 cells/ml) might have been due to assimilated HCO; ™.
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TABLE 3. Effects of temperature, salinity, and pH on growth of
strains CVO and FWKO B

Growth”
Growth conditions®

CVO FWKO B

5°C

10°C
35°C
40°C
45°C

|+ + +
I+ 4+ +

0% NaCl
1.0% NaCl
3.0% NaCl
5.0% NaCl
7.0% NaCl
10.0% NaCl

|+ + + + +
|+ + +

Z |
o

pHS.S
pH 6.0
pH 7.0
pH 85

++ 4+
It

¢ Growth in CSB medium with 2 to 3 mM sulfide for temperature tests and 1
mM sulfide for salinity and pH tests. All tests were run in triplicate except where
noted in the text.

> ND, not determined; +, growth; —, no growth.

¢ Complete oxidation of sulfide was noted in only one of two replicates.

that shown in Fig. 4A. Most branches are supported by high
bootstrap values.

DISCUSSION

Phylogeny. Earlier analysis of a shorter 16S rRNA sequence
for CVO indicated its classification as having the closest ho-
mology with Campylobacter sp. strain CCUG 1392 CLO (70).
Since then, the genus Sulfurospirillum has been defined (17, 52)
and a detailed analysis of the phylogeny of the genus Thiomi-
crospira has appeared (42). The epsilon subdivision of the
division Proteobacteria currently comprises the Campylobacter
group (genera Arcobacter and Campylobacter), the Helico-
bacter group (genera Flexispira, Gastrospirillum, Helicobac-
ter, Thiovulum, and Wolinella), the genus Sulfurospirillum, and
unclassified epsilon Proteobacteria which include Thiomicro-
spira denitrificans (http://www.ncbi.nlm.nih.gov/Taxonomy/tax
/html). The genus Sulfurospirillum includes species previously
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FIG. 3. Hybridization of either labeled eubacterial (EUB 338) or labeled
CVO-specific (CLI) oligonucleotide probe to nucleic acids from whole cells of
bacteria known to be closely related to CVO (Fig. 4; isolate Light C is described
in the text) or to nucleic acids from cells from an enrichment of sulfide-laden
produced brine collected at CV Well 59-20 amended with nitrate and phosphate
(culture 59-20).

indicated to be members of the genus Geospirillum (Sulfuro-
spirillum barnesii, Sulfurospirillum arsenophilum, and Sulfuro-
spirillum sp. strain SM-5 [59]) as well as Dehalospirillum mul-
tivorans (51), Campylobacter sp. strain CCUG 1392 CLO, and
Campylobacter sp. strain DSM 806. All of these have high (97
to 99%) 16S rRNA sequence similarity to S. deleyianum (17),
the type strain of the genus, as shown in Fig. 4A and have
comparable morphological and physiological properties (52).
Reclassification of Campylobacter spp. strains CCUG 1392
CLO and DSM 806 as Sulfurospirillum spp. makes the Campy-
lobacter clade physiologically more homogeneous, i.e., strictly
free-living organisms are now excluded and the remaining
Campylobacter spp. all serve as human or animal pathogens.
Strain CVO is a close relative of neither the Sulfurospirillum
spp. nor the newly defined clade of Campylobacter spp. (Fig. 4);
instead, it most closely resembles Thiomicrospira denitrificans.
The genus Thiomicrospira has members in both the gamma
(Thiomicrospira crunogena, Thiomicrospira pelophila, and Thio-
microspira sp. strain MA2-6) and epsilon (Thiomicrospira deni-
trificans only) subdivisions of proteobacteria (42zrefx. Strain
CVO is thus the second well-characterized Thiomicrospira sp.

TABLE 4. Transformation of nitrate-N (10 mM) and sulfide-S (0.5 to 3.0 mM) during sulfide oxidation by strains CVO and FWKO B

Initial HS™ (mM) AHS™ (mM) ASSC* (mM)  ASO,2~ (mM) S° (mM) ASY (mM)  ANO,” (mM)  ANO,” (mM)  AN¢ (mM)
Strain CVO
0.5 —0.5 £ 0.0° 0.5 = 0.00 0.3*=0.12 0.04 = 0.04 —0.16 —2.2 +0.50 1.5 +0.10 -0.7
1.0 -1.0 £ 0.0 0.8 = 0.01 0.8 =0.10 0.02 = 0.01 -0.18 -3.3 £ 0.38 2.2 +0.29 -1.1
2.0 —-2.0+0.0 0.3*=0.24 0.2*0.18 0.58 = 0.18 —-1.22 —1.7 £ 0.40 0.66 = 0.20 -1.0
3.0 -2.9 +0.16 0.0¢ 0.2¢ ND ND —2.8¢ 1.1¢ -1.7
Strain FWKO B
0.5 —0.5 £ 0.0° —-0.4 = 0.12 -0.2 +£0.17 0.26 = 0.04 —0.24 —-0.9 +0.32 0.88 = 0.03 0
1.0 -1.0 £ 0.0 -0.3+0.0 0.0 =0.0 0.57 = 0.08 —0.43 —-1.2 £0.10 1.4 +0.15 0
2.0 —-2.0+0.0 —-0.4 = 0.12 -0.2 £0.12 1.15 = 0.09 —0.85 —23+0.31 2.3 +0.06 0
3.0 -3.0x0.0 -0.3 £0.25 0.0 = 0.06 1.37 £ 0.04 —1.63 -3.2 = 0.06 3.0 = 0.08 0

“ Soluble sulfur as measrued by X-ray fluroescence spectroscopy.

> Samples after 48 h of incubation at 30°C; average * standard deviation; n = 3.
‘n=1

@ Total sulfur unaccounted for as either SO,>~ or S°.

¢ Total nitrogen unaccounted for in the form of either N,O or N,; calculated as ANO;~ + ANO, .
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in the epsilon subdivision. We propose to rename the organism
Thiomicrospira sp. strain CVO from Campylobacter sp. strain
CVO, the name proposed earlier (70).

From the dendrograms in Fig. 4, it appears that FWKO B is
most closely affiliated with members of the genus Arcobacter,
which includes both free-living (4. nitrofigilis) and pathogenic
(e.g., Arcobacter butzleri and Arcobacter cryaerophilus) species.
FWKO B forms a deep branch in the Arcobacter clade and has
some distinct physiological properties. However, the branching
is not deeper than that in the genus Helicobacter (Fig. 4A), and
the designation Arcobacter sp. strain FWKO B is, therefore,
appropriate.

Phenotypic characteristics of CVO. Thiomicrospira denitrifi-
cans and Thiomicrospira sp. strain CVO are obligate chemo-
lithoautotrophs. Like Thiomicrospira sp. strain CVO, Thio-
microspira denitrificans oxidizes sulfide with nitrate as the elec-
tron acceptor. Thiomicrospira denitrificans, and probably also
Thiomicrospira sp. strain CVO (see below), denitrifies nitrate
to nitrogen. Thiomicrospira denitrificans oxidizes sulfide to sul-
fate (65), whereas Thiomicrospira sp. strain CVO forms sulfur
and sulfate, depending on the sulfide-to-nitrate ratio. How-
ever, Thiomicrospira denitrificans also used thiosulfate as an
electron donor, an activity that is not shared by Thiomicrospira
sp. strain CVO (Table 1). Thiomicrospira denitrificans also has
a distinct morphology, forming long spirals of 4 to 5 um (36),
whereas strain CVO forms only very small curved rods less
than 1 pm in length (Fig. 1). The CVO-specific oligonucleotide
probe CL1 reacted only weakly with nucleic acids from Thio-
microspira denitrificans due to the presence of two mismatches.

In contrast to this strict chemolithoautotrophic growth of
strain CVO (Table 1), sulfurospirillae can grow as chemoor-
ganoheterotrophs using organic acids or amino acids as carbon
and energy sources. Growth by reduction of fumarate to suc-
cinate is a characteristic of S. deleyianum and strain DSM 806,
supporting their close affiliation (Fig. 4), but not of strain
CVO. S. deleyianum but not Thiomicrospira sp. strain CVO can
use elemental sulfur as an electron acceptor. The similarities
are that all are curved or vibroid, grow only microaerophilically
or anaerobically, are oxidase positive, and do not ferment
glucose or reduce sulfate.

S. deleyianum dissimilates nitrate to ammonium (52),
whereas CVO reduces nitrate to nitrous oxide and presumably
dinitrogen: the growth of CVO in the presence of sulfide (0.5
mM) and nitrous oxide (2%) suggests that nitrogen is pro-
duced. The accumulation of nitrous oxide in the presence of
3.0 mM sulfide and nitrate indicates inhibition of nitrous oxide
reductase by sulfide. As little as 0.3 mM H,S resulted in almost
total inhibition of nitrous oxide reduction by denitrifying bac-
teria (54). Gram-negative aerobic and microaerobic denitrifi-
ers reported to produce nitrous oxide as an end product in the
absence of sulfide have also been described (74). A strictly
anaerobic, thermophilic, chemolithoautotrophic archaeum,
Ferroglobus placidus, dissimilates nitrate to nitrous oxide while
oxidizing either sulfide, H,, or ferrous iron (71). The colorless
sulfur-oxidizing bacteria of the genera Thiobacillus, Thermo-
thrix, Thiosphaera, and Thiomicrospira are also capable of deni-
trification, but unlike CVO, they also oxidize thiosulfate as an
alternate energy source.

Phenotypic characteristics of Arcobacter sp. strain FWKO B.
Arcobacter spp., like FWKO B, are gram-negative, motile,
curved rods. They do not ferment glucose, and they grow at
temperatures between 15 and 40°C, reduce nitrate, and grow
under microaerophilic conditions (38, 39, 64, 68). However,
unlike other Arcobacter spp., FWKO B is catalase and oxidase
negative. In addition, Arcobacter spp. are chemoorganotrophs
unable to grow lithotrophically, unlike FWKO B, which is a
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chemolithotroph capable of oxidizing sulfide and hydrogen but
incapable of using any of the organic compounds tested, except
formate, as an energy source (Table 1). Also, FWKO B grows
autotrophically and could not use acetate as a carbon source in
the absence of CO,, while Arcobacter spp. use amino acids and
other organics as carbon sources (68). Furthermore, FWKO B
is a hydrogenotrophic sulfur reducer, whereas hydrogen is re-
ported to only stimulate growth of Arcobacter spp. (67). Widdel
and Pfennig (72) indicated that growth by hydrogenotrophic,
sulfur-reducing eubacteria typically requires 1 to 2 mM acetate
in addition to CO,. Although several thermophilic chemolitho-
autotrophic sulfur reducers from the domain Archaea (25, 53)
and several from the domain Bacteria (21) have been reported,
FWKO B represents the only mesophilic chemolithoautotro-
phic sulfur reducer in the domain Bacteria.

Although both A. nitrofigilis and FWKO B reduce nitrate
only to nitrite, FWKO B grows (Fig. 2) but A. nitrofigilis does
not, due to the toxicity of the nitrite formed (38). Certain
members of the neutrophilic, chemolithotrophic sulfur bacte-
ria also produce nitrite and typically require the presence of a
nitrite-reducing bacterium for growth in the presence of nitrate
(49).

Growth and sulfur production by CVO and FWKO B.
Growth was proportional to sulfide oxidation for both CVO
and FWKO B, indicating that both are capable of electron
transport from sulfide to nitrate (Fig. 2B). The doubling times
of 1.3 and 1.5 h for CVO and FWKO B, respectively, are
significantly lower than the minimum doubling time of 2.85 h
reported for the aerobic chemolithoautotrophic sulfide oxidiz-
ers Thiobacillus neapolitanus and Thiobacillus sp. strain O (29).

Both CVO and FWKO B oxidized sulfide to elemental sul-
fur, but only CVO was capable of complete oxidation to sul-
fate, which was dependent on the nitrate-to-sulfide ratio (Ta-
ble 4). A shift from sulfate to sulfur production was also
observed for two aerobic sulfide-oxidizing Thiobacillus spp. at
increasing sulfide concentrations (29, 67, 69). Sulfur produc-
tion by aerobic, sulfide-oxidizing thiobacilli was determined to
be maximal at an oxygen/sulfide uptake ratio near the expected
theoretical value of 0.56 (69). Sulfur production by CVO oc-
curred at a nitrate/sulfide ratio of 0.52 (Table 4), which is also
close to its expected theoretical ratio when nitrous oxide is the
end product: HS™ + 0.5 NO;~ + 1.5 H" — S° + 0.25 N,O +
1.25 H,0. Therefore, CVO responds similarly to the aerobic
thiobacilli by producing elemental sulfur when nitrate is limit-
ing.

S. deleyianum oxidizes sulfide to elemental sulfur while re-
ducing nitrate to ammonium (15). Its ability to shift electrons
from production of sulfur to production of sulfate cannot be
evaluated, since the tests were conducted in the presence of
high sulfide (4 to 5 mM) and limiting nitrate (1.2 and 5 mM)
concentrations. Elemental sulfur was also the end product of
fumarate-dependent sulfide oxidation by Wolinella succino-
genes and S. deleyianum (37, 73).

Ecological significance. Colorless sulfur bacteria are wide-
spread in nature and have been isolated from sulfur deposits,
hot sulfur springs, soils, freshwater, and seawater (35).
Bharathi et al. (6) isolated over 100 strains of anaerobic, col-
orless NR-SOB from seawater and a sulfide-laden creek. How-
ever, few reports have been made of the isolation of NR-SOB
from petroleum reservoir brines, even though their activity has
been observed (28, 41, 55, 61, 70). Dannenberg et al. (13)
reported that the SRB Desulfobulbus propionicus also displays
NR-SOB activity, but its presence in oil field brines has not
been reported.

Sulfide-oxidizing microaerophiles such as CVO might utilize
limiting amounts of oxygen or nitrate diffusing from surface
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water or shallow groundwater to oxidize sulfide produced by
indigenous SRB in petroleum reservoirs (63, 70). Cycling of
sulfur in oil reservoirs, such as CV, likely occurs between
sulfide and elemental sulfur in view of the high concentrations
of sulfide (>3 mM), which favor the formation of elemental
sulfur (Table 4) (30).

Since CVO is the dominant NR-SOB in CV brine amended
with nitrate (61, 63), the role of FWKO B may be that of a
sulfur reducer and not an NR-SOB. Pfennig and Biebl (46)
reported the cycling of sulfide and elemental sulfur by a pho-
totrophic green sulfur bacterium and the acetate-oxidizing sul-
fur reducer Desulfuromonas acetoxidans. Likewise, efficient cy-
cling of sulfide and elemental sulfur by D. acetoxidans and
CVO has been demonstrated (63).

The ability of FWKO B and CVO to grow lithoautotrophi-
cally with sulfide and nitrate suggests the potential for a sub-
terranean sulfur cycle driven solely by the inorganic nutrients
hydrogen, nitrate, and CO,. We recently demonstrated that
cycling between sulfide and elemental sulfur occurs in a CV
brine enrichment by alternating the addition of nitrate and
hydrogen gas to the enrichment (results not shown). Hydrogen
gas in this shallow reservoir could be generated from fermen-
tation or by geochemical mechanisms (34, 57, 58). Bicarbonate
ions are plentiful in this sandstone reservoir brine (approxi-
mately 23 mM), while nitrates, used as fertilizer in this agri-
cultural area, could enter the reservoir by diffusion from
nitrate-contaminated surface waters or via injection of nitrate-
contaminated groundwater used for improving oil recovery.
Alternatively, the presence of these lithoautotrophic NR-SOB
in oil field waters provides opportunities for the application of
biologically mediated removal of sulfides in oil field waters
through the simple addition of inexpensive nutrients, such as
nitrate and phosphate (28, 33, 41).
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